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V The  neutron  S|iec  t i-omc  t r>  program  (.lescrihed  in  tiiis  repor’  was  carried 
out  in  su]iport  of  a set  of  draft  ASIA!  standarils  t-tneluded  ns  Appendix  A) 
prescribing  a standard  method  of  measuring  neutron  spectra  and  character- 
ising the  spectra  in  terms  of  their  i' f feet i venes s in  producing  radiation 
damage  in  silicon.  Hie  neutron  fluence  is  cha  fact  e r i ted  in  terms  ot 
the  number  of  near-l-Me\  neutrons  reipiireil  to  produce  the  same  r.uliation 
damage,  and  the  s|iectral  shape  in  terms  of  J^,j|/i;i,  the  eipiivalent  1-MeV  
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fUioiK-o  per  unit  I'hicncc  of  neutrons  above-  0.01  Mo\  . .Since  tliere  are  no 
useable  thresholds  between  0.1)1  and  0..S  MeV,  the  spectrum  is,  to  a large 
extent,  indeterminate  below  '1  Me\'.  However,  it  was  found  that  reactor 
spectra  can  be  pa  ramet  er  i ced  by  fitting  a 1/f.  tail  to  a fission  or  i',01il\A- 
core  spectruDi,  tlie  fitting  point  being  determined  by  tlie  threshold-foil 
data.  In  this  way,  tlie  uncertainty  interval  ca-i  be  reduced  to  yield 
.iccuracies  ^ ^ -‘'''■I  • vespect  i ve  1 y . 

file  iirogram  incluJed  an 'eva  luat  ion  of  main’  candidate  metliods  of 
specifying  a neutron  field,  a selection  of  the  most  suitable  metiiod 
(.tlii'esho Id- foi  1 spectrometry),  a measurement  of  tliree  different  siiectra, 
a coni[iarison  of  the  measurements  with  "known’^  spectra  to  determine  the 
accuracy  of  the  method,  a comparison  of  threshold-foil  measurements 
carried  out  b>'  two  different  l.iboratories  to  evaluate  the  precision  of 
tlie  method,  a variational  study  to  determine  the  factors  that  most  sensi- 
tively impact  the  accuracy,  and  folding  tiie  spectra  in  with  a recentl)’ 
calculated  silicon  radiation  damage  funct  ion  1)(1;J  to  e.xpress  the  accuracy 
in  terms  of  a single  parameter  Ceij,' '^’eL|/jl^V  f''"  • 
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ihe  work  Is  of  interest  in  planning  irradiation  schedules,  for  jiarts 
screening,  or  for  sam])le-s]ieci  ficat  ion  tests,  and  in  comparing  radiation 
damage  studies  carried  out  in  different  neutron  fields. 
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INTROlUICnON 


Tlio  ohjoctives  of  this  task  aro  the  select  ion  of  a standard  method 
of  measuring  and  charact er i : i ng  neutron  spectra  in  terms  of  the  permanent 
radiation  damage  produced  in  silicon  semiconductor  devices  and  tlie  evalua- 
tion of  the  accuracy  of  the  method.  The  accurac)’  was  determined  b>'  com- 
[Kiring  the  measured  results  to  the  "known"  spectrum  for  three  different 
spectra,  and  by  carrying  out  a variatiotial  stud)'  of  tlie  measurement 
techn i que. 

Tlie  detailed  procedure  for  quant  if>’ing  the  neutron  field  is  presented 
as  five  ASTM  draft  standards.  They  are  included  as  .Appendi.x  A. 

This  report  covers  the  work  comjileted  in  Phase  1 ( Task  4)  which  was 
ed  out  during  the  period  Ma>'  1,  19"1  to  lebruary  dS,  11)75,  and  Pliase 
k 1.5),  which  was  conqiletcd  October-  50.  1075.  In  .Section  2,  a 
-et  review  is  given  of  the  adv.intages  and  shortcomings  of  several  candi- 
date methods  of  neutron  spect  romet  i-.v . I'lie  reasons  for  choosing  the  f o i 1 - 
;ictivation  method  are  cited  there.  Section  5 iiresents  the  detailed  metliod 
of  obtaining  a neutron  spectrum  with  foil  activ.'ition  data,  using  the  SA.ND 
II  unfolding  code  with  its  threshold-foil  c ross- sec t i on  set,  and  selecting 
a suitable  "start"  spectrum  for  S.A.M)  II  input.  Section  4 covers  the  work 
done  to  obtain  the  "best  known"  siiectrum  for  comparison  with  the  SAND  II 
results.  Section  5 presents  the  method  of  obtaining  ^^1)^  flucnce 

of  1-MeV  neutrons  rcijuircd  to  iiroduce  the  same  radiation  damage  as  a unit 
fluence  of  neutrons  from  the  spectrum  being  characterized.  In  Section  b 
the  method  of  obtaining  two  e.xper imenta  1 spectra  from  the  White  Sands 
Missile  Range  last  Burst  Reactor  (KSMR  IBR)  is  described.  Included  is  a 
description  of  work  done  to  assess  the  importance  of  selecting  a good 
starting  spectrum  — one  that  includes  all  the  ]ihysics  of  the  neutron 
source,  the  shielding,  and  the  nearby  scattering  material.  Section  7 
presents  the  results  of  the  variational  study.  The  precision  of  the 
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iiioasuring  technique  was  evaluated  by  remeasuring  the  IVSMR  l-BU  spectra  in 
the  glor>  hole,  and  50  cm  from  the  reactor.  The  measui'ement  s vicre  made  h>' 
a different  experimental  groiqi  with  their  own  foils,  detector,  and  gamma- 
ray  calibration  sources.  The  results  are  presented  in  Section  8.  A TRKiA 
reactor  spectrum  (much  softer)  was  measured  and  compared  with  .a  calculated 
spectrum.  Also,  the  systematics  of  measuring  reactor  spect  ixi  became 
a[>parent  (selecting  the  trial  spectrum).  These  ai'e  discussed  in  Sections 
8 and  9,  where  the  results  of  the  recent  measurements  are  [iresented.  In 
addition,  a discussion  of  the  relat  ionshi])  between  the  pi'ccise  spectral 
characterization  (where  the  "known"  spectrum  is  folded  in  with  the  "known" 
damage  function),  and  that  of  utilizing  the  spectral  index  [Sl  = 

>0.01  MeV)/(.ifi  >.5  MeV)]  is  jiresented  in  Section  10. 

The  detailed  methodology  of  the  "Neutron  Dosimetry  Standard",  the 
summary  of  this  rejiort  , the  conclusions,  and  the  assessment  of  the  pre- 
cision and  accuracy  of  the  method  are  well  covered  in  Apjiendix  A. 


si;i.i:c:tion  oi-  a spictromi  tk'i  mi  tiiod 


I'he  most  promosin;^  neutron  sj'eet  romet  r>'  methods  for  ;i]')|il  ieat  ion  to 
radiation  damage  studies  in  sii:et-n  (0.01  to  I)  Me\  neutron  eiK’r^ty  inter- 
\al)  are  the  t ime-of- fl  i jtlit  ('I'OI')  method,  the  org.anie  scintillation  sjiec- 
trometei'  i t h pulse-shape  gamma-ra\’  discrimination  ])roiH'rt  i es  , the 
proton- reco i 1 projxirt  ional  counter  sjiect  rometer,  coincidence  s[)ect  rometers 
utilizing  nuclear  reactions  such  .as  ‘^lle(n  ,]>  1 '^11  and  ^^,i(n,a)^H  with  coinci- 
dence counting  of  tlie  two  reaction  jiroducts,  the  jiroton- reco i 1 spectrometer 
telesco]'e,  proton- reco i 1 nuclear  emulsions,  t hresho Id- fo i 1 -act i vat i on 
S[)ect  romet  ry , .and  s i 1 i con  itself  as  a dosimeter. 

2.1  TIMI.-Of-N.ICHT  SrhCTRO.'lhTR't 

The  TOI'  method  is  by  far  the  most  accurate,  since  it  gives  a direct 
measure  of  the  velocity  of  each  neutron  detected;  there  is  no  unfolding 
to  be  done,  and  good  energy  resolution  is  feasible  (Ref.  1).  The  detector 
efficiency  versus  neutron  energy  is  the  only  critical  injnit,  and  this  has 
been  obtained  with  good  uccurncy  in  a coordinated  effort  utilizing  me.asure- 
ments  and  calculations  (Ref.  d).  However,  to  be  useful  in  the  (lertinent 
energy  ratige,  a nanosecond  ]Hi1  sed-neut  ron  source,  a 50-  to  d()(l-m  fliglit 
path,  a detector  with  nanosecond  time  resolution,  and  a neutron  assembl>- 
with  short  neutron  dieaway  time  must  be  avail, able.  The  method  is  very 
e.'cpcnsive  and  few  such  facilities  are  readily  available.  Nonetheless, 
the  verification  of  the  "known"  or  "standard"  spectrum  for  this  work  was 
c.irried  out  with  the  TOT  method,  as  discussed  in  Section  1.  Kith  the 
skillful  use  of  good  geometry  shielding  and/or  gamma- ray- i nsens i t i ve 
detectors,  rc.isonably  good  gamma-ray  rejection  c.an  be  acltieved.  linergies 
of  therm.il  through  200  MeV  can  readily  be  mc.isured. 
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l'oi‘  the  cast'  of  "reactor  spectra",  however,  the  ii'nit  ron  tlieawav 

time  is  a ver>'  serious  ]iroblem.  I'he  TOI'  measurements  are  onl>'  iiossihle 

for  fast  subcritic.  1 assemlilies  with  k 'vO.p  or  less,  v.ith  ;i  long  flight 

et  I 

path,  and  with  com]'le.\  dieaway  time  cori'ections  (Kefs.  .S , I ) . 

:,J  I’ROTO.N-RliCOl  1.  SClXri  bL/VnO.N  .SPbCfROMl/n-.R 

The  proton- reco i 1 scintillation  sju'ct romet er  (Ref.  ? 1 is  useful 
where  TOI-  measurements  are  not  feasible,  and  where  good  geometric  effi- 
ciencies are  im]>ortant  to  obtaining  stat  i st  i ca  1 1 >■  significant  results 
(Refs.  b.l’).  However,  the  gamma-ray  rejection  capabilit>'  with  ]iulse- 
shape  discrimination  is  not  adequate  foi'  reactoi'  environments  unless  the 
reactor  is  a zero-]iower  assembl\-  that  has  not  been  subjected  to  high- 
power  gamma-ray  buildup.  The  detector  response  must  be  ver\'  .-ic  ’r:itel>' 
known  as  a function  of  neutron  energy;  otherwise,  ei'ror  pi'ojiaga  ion  to 
low  energies  severely  limits  the  energ>'  range  of  the  s]HVt  I'oiiR't  er . S]K'ctr; 
ha\e  been  re[iorted  for  0.3  to  1.3  MeV  with  this  mcthoil. 

:..3  RROTO.N-RlTiOl  1.  I’ROl’ORT  1 ONAl.  COlINlbR  Sl’l-.f  TROMI  THR 

Hetectors  utilizing  (iroton- rect' i I pro]iort  iona  1 counters  have  been 
ajiplied  with  good  success  from  ^-.3  ke\'  to  “cj  MoV  (Refs.  8,9)  in  reactor 
cores,  and  up  to  about  10  MeV  (Ref.  10)  in  "beam"  geometries  where  the 
neutrons  are  ]>arallcl  to  the  a.\is  of  a long,  gas-filled  ]iroport  i on:i  1 
counter.  Again,  gamma-ra>'  discrimination  is  a serious  |iroblem  exce]it  in 
a "cold"  reactor  core  — one  that  is  not  very  gamma  radioactive.  This 
method  is  generally  cons  i derab  I >■  more  e.xjH'nsive  th;m  the  t h resho  I d- fo  i I 
method,  requiring  very  long  counting  times  at  many  g;is  gain  settings  and 
;in  on-line  computer  for  best  g.imma-ray  discrimination  capabilities, 
l.arlier  methods  utilized  a series  of  counters  with  increasi  ngl>'  higher 
pressures  to  cover  increa.s  ingly  higher  neutron  energ.ies  with  good  gamma 
discrimination  over  a limited  range,  hut  few,  if  any,  reliable  spectra 
spanning  a large  energy  range  have  been  reported  with  this  technique. 
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I '^lo  AND  ^'l.i  COlJNTliRS 

tx)unters  usini;  exoergic  nuclear  reactions  of  li^tht  particles,  such 
as  ’lie  ( n , p ) '^11  and  *’l,  i I n ,u  ) ’’ll , have  been  used  with  co  i nc  i dence-iiieasurement 
of  the  two  reaction  jiroducts  (Ref.  11).  Ihe  gaiiinia-ray  rejection  can  he 
reasonably  good  in  a shielded  diode  configuration  (Ref.  Ill,  but  is  other- 
wise general  1>  inadequate.  One  of  the  main  jiroblcms  in  a ver,v  low  counter 
efficienc\’,  requiring  long  reactor  times  for  a good  measurement.  Inerg.v 
ranges  of  'vipO  keV  to  .s  to  10  MeV  have  been  reported.  At  high  energies, 
react  i on-]iroduct  background,  mu  1 1 i [lart  i c I e breakup,  and  the  ver>'  foi'ward 
angular  distributions  severe!)’  limit  the  accui’acy  of  the  coincidence- 
counting method. 

2..S  RROTON-Rl'.COll,  Tf, l.liSCOl'i; 

The  jiroton- reco i I telescope  consists  of  a h\d rogeneous  scatterei'  of 
a given  diameter  sej’jarated  by  a detector  several  diameters  awa>’.  This 
is  placed  in  a neutron  beam  incident  along  tl\e  common  axis  of  the  scatterer 
atid  detector.  Background  estimates  are  made  In’  replacing  the  lud rogeneous 
scatterer  (usual  l\’  Cll,)  with  a carbon  scatterer.  Ihe  method  gives  the 
neutron  spectrum  di  recti)’  because  the  forward  scattered  pi’otoiis  have  an 
energv’  equal  to  the  incident  neutron  energ)’.  This  method  can  oj'erate 
onl)’  in  a beam  geometr)’.  It  recpiires  a number  of  me.’isurement  s , each  with 
a different  scatterer  thickness,  to  cover  a large  range  of  neutron  energy. 
The  background  determinations  are,  in  most  cases,  very  inaccurate  because 
of  high-energ)’  neutron  i nt  ei-act  i ons  with  all  the  surrounding  material, 
especial  I)’  the  material  near  the  scatterer;  the  detector  efficiency  is 
vet')’  low;  gamma  backgroumls  are  unmanageable  for  most  reactor-type 
measurements;  and  the  "splicing"  together  of  .‘Several  segments  of  a spec- 
trum is  nearly  always  ]’)robl  cmat  i c . linergy  ranges  of  v2  to  '4  0 MeV  have 
been  achieved  in  measurements  where  the  gamma-ray  backgrounds  are  low. 

2.()  MICLTAR  liMlIbSlON.S 

Proton- reco i I nuclear  emulsions  have  been  used  for  early  reactor- 
spectrum  measurements  in  the  2-  to  lO-MeV  energy  range.  fhey  also  have 
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low  ot't'i  c i one  i OS  , arc  suhjoot  to  j^amina- fay  da  rkon  i iii;  , and  foi|uiro 
laborious,  manual  recoil-track  moa sui’oniont s for  each  oxiiosod  emulsion. 

J.7  ■mKi;siiou>-i-oii,-..\cnv.vrioN  .si’iitnuoMi  luv 

Inis  metliod,  currentl>-  useful  for  the  neutron  enei-jt'-  ranjte  of  thermal 
to  't-15  or  do  MeV , is  apiilicahle  to  hot  li  pulsed  and  steady-state  neutron 
fields,  and  has  a i-ema rkali  1 >•  liigh  tolerance  to  gamma-ray  fields.  Iwo 
notable  e.xceptions  exist.  These  appl>'  to  ||  , fission)  and  {(,r')  reactions, 
whicli  seriously  complete  with  (n,  fission)  and  (n,n'l  reactions  in  t lie  same 
foils.  I'liese  gamma  reactions  are  im]iortant  (a)  for  l.inac-tyjie  (^',a)  sources 
wliere  the  l.inac  liremss  t rah  1 ung  is  ver>’  intense  and  energetic  (tlie  > , f 
thresholds  are  at  •vli  - U Me\  ) , and  (li)  for  reactor  S|iectra  in  low-d  neu- 
t ron  shields,  sucli  as  water,  at  I to  d feet  in  tlie  shield  or  deeper. 

The  fo  i I -act  i vat  i on  metliod  was  of  very  limited  usefulness  before  the 
ailvent  of  an  evaluated,  consistent  cross-sect  ion  set,  an  unfolding  code 
tliat  ret.irds  spurious  structure,  and  reli.ible  neutron  transi>oi-t  codes 
land  cross-sect  ion  sets)  to  proviile  a pliysicall)'  meaningful  trial  spectrum. 
These  are  discussed  in  more  detail  in  tlic  next  section. 

d.S  IISl:  0)  SII.UiON  llSll.l  ;VS  A PO.SIMl  l'bU 

i'll  i s lias  lieen  ruled  out  as  im|iractical  because  of  difficulties  in 
measuring  the  number  of  dislocation  centers.  The  silicon  would  bate  to 
be  kept  cold  (at  I i iju  id- n i t rogen  teni]ieratures  or  colder)  during  and  after 
radiation.  Iiamage-.iiiiiea  I i ng  from  all  sources  would  have  to  be  correct  Iv 
accounted  for.  It  can  vary  with  the  t>pe  of  device,  the  current  drain, 
temperature,  gamma-ray  dose  rate,  .and  perhajis  even  the  neutron  dose  rate. 


(:iiar.\c:ti:kistu:s  a.\|)  oi’i;ratim;  i’RiNt:im-,s  oi-  riii; 
rilRISIIOl.P-l-Ol  l.'AC'l  1 VAT  ION  SI’ICTROMIAI.R 


I'hrosho  Kl- fo  i 1 neutron  s[)oot  roiiict  r>'  liCL'aiiio  a iiserul  tool  whon  an 
cvaUiatod  r>,  foi’cnoo  e ross-soet  ion  library  (Hoi.  12)  became  available. 

The  set  Ji..cusseil  in  Ret'ei’ence  IJ  inc  hides  neu  and  revisetl  cross  sec- 
tions com|irisini;  a consistent  set.  This  set  is  itenerall)'  adeciuate  ior 
reactor  spectra  t'roni  thermal  through  hi  MeV.  In  addition  to  the  av'ail- 
ahilitN'  oT  an  ev.i  1 u.itei.1  set  of  consistent  ci'oss  sections  (Rets.  l.V,l)l, 
the  development  of  an  iterat.ve  imroldinjt  code  (Ref.  hi),  with  modifica- 
tions (Ref.  11,  SAM'  11  code)  that  retard  the  formation  of  sinirious 
stnicture  while  preserving  i-ea  1 structure  (known  injnit  structure,  sucli 
as  a resonance  ''diji"  or  a 1 1-Me\  source  "peak"),  made  it  feasil'le  to 
obtain  accurate  reactor  sj'ectra  when  a t;ood  trial  spectrum  is  input  to 
the  cotlo. 

bith  the  present  state  ot  *he  art  of  neutron  transport  codes,  it  is 
not  dift'icult  to  calculate  .■  tri.i!  spectrum  that  contains  all  the  reactor 
phvsics  (usu.il  1>  the  "t  nuisport -hardened"  l‘i  ss  ion-source  term,  the  l/l- 
,ind  low-enerjt>  thermal  components  of  a moderated  reactin'  or  t lie  I,  compi'iient 
Ilf  ;in  unmoiler.it  Oil  re.ii'tor  Ciire  s]iei'trum.  plus  resonance  structure).  Khen 
all  the  basic  structure  is  present  , the  ciuie  will  usual  !>■  converite  in  only 
a few  iterations  without  r.eneratinit  ;i  j;ooil  deal  of  non]ih>s  i c;i  1 structure 
(see  Section  (i)  . 

Thus,  tlie  t h resho  I ii- t'o  i I spect  romet  r\-  met  hoii  is  not  trul>'  a sjiec- 
trometer  si'steni,  it  is  a |ierturh;it  ion  sistein.  This  is  all  that  can  he 
expectoil  iif  a s>'stem  in  which  iinl>'  ;i  i\vi  activ;ition  numbers  are  input  to 
the  coile.  Ihere  is  simply  not  enouph  input  infiirmation  ti'  spec  i fy  a spec- 
trum over  man\'  deciules  of  neutron  eneryi'  witluiut  injtvtin;;  a cons  iderahl  e 
iimount  of  .1  priori  information.  In  t'act,  beliiw  1 Me\  there  are  lui  useful 
thresholiis  i'xce(it  the  Np  (n,  tission)  reaction  (threshold  energy  O.S 


MeV),  aiul  the  siiij^le  st  I'onj;- I'csoiianee  foils  with  resonances  above  that  tor 
ao  111  I 'a  e\' ) aenerall)'  have  a \er>'  larae  scat  t er  i n^- 1 o-aliso  rpt  i on  ratio. 
Thus,  before  relialile  neutron  transport  codes  became  .available  for  furnish- 
ing  a aood  trial  siiectruin,  the  thresliold  foil  .ictivation  method  uas  of 
limited  usefulness. 

When  utilizina  the  S.\.\P  11  unfoldini;  code,  the  best  trial  spi'Ctrum  is 
used.  The  zerotli  iteration  output  [irovides  a consistenc)'  test  for  the 
main'  f o i 1 activations  (counts)  that  have  heen  input;  the  activ.ition  ratios 
are  c.ilculated  for  the  input  spectrum  and  compared  to  the  r.itios  oi  the 
measuretl  (ininit)  activations,  so  that  a spurious  input  value  is  i imiied  i at  i’ 1 > 
a]iparent.  Kith  a reasonable  amount  of  .i  /uiot;  information  .ibout  the 
spectr.il  shape  (obtained  from  a calcul.ition  or  from  some  accur.ile  measure- 
ment of  a closel>'  related  assembl\'),  had  count  iiii;  data  c.in  be  detected  and 
removed  in  the  interest  of  obtaininj;  a rapid  converpenci-  and  thus  .ivoidiin; 
the  jtenerat  ion  of  spurious  structure. 

Two  threshold  foils  that  have  iKsirl)'  the  same  shape  and  threshold 
value  can  also  j;ive  rise  to  a larite  number  of  iterations  if  the  input  v.ilues 
of  the  tuo  are  inconsistent.  The  foil  yieidinc,  the  spurious  .ictivafion 
value  can  usual  1\’  be  spiitted  b>'  comparint;  the  input  activation  r.itios  to 
those  c.ilculated  for  e.ich  spectral  iteration  I pert  ii  rba  t i on ) . 

Another  useful  technii|ue  in  aiiplyins  unfold  ini,;  codes  uas  de\'elo|'ed  in 
the  present  ajipl  i cat  ion . It  involves  the  sei|uential  combin.ition  of  the 
proiH'f  amount  of  the  moderated  1/T  component  and  the  t henna  1 -neut ron  com- 
ponent with  the  CiOlMVA  core-type  (glory  hole)  spectrum  to  obtain  the 
reactor-plus- room-scattered  components  tluit  characterize  the  IBR  s]iectrum 
outside  the  reactor  core  (see  .Section  b),  A flow  diagram  illustrating 
this  procedure  is  shown  in  figure  1. 
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■t.  Tin:  ST.WDAKl)  OK  BliST- KNOWN  1-HK  SI'liCTKlIM 


l igure  2 shows  a i'Ol'  measurement  aiul  an  early  calculation  for  tlie 
central  coi-e  spectrum  (Kef.  15)  of  a 001)1  \'A'type  I'BK.  The  reactor  is  the 
API  A- 1 I I , and  the  calculation  is  a IIH'  neutron  transjiort  calculation 
(Ref.  U')  utilizinj;  an  e;irly  cross-sect  ion  coni]’)  i 1 at  i on , liNDl'/li,  \ersion  1 
( i:\l'l/B- 1 ) . file  measurement  and  calculation  are  in  reasonahl>’  ^ood  agree- 
ment, in  spite  of  the  early  cross-section  set  utilized.  The  calculation 
shows  a somewhat  softer  s]iectrum  above  1 MeV , hut  even  so,  the  sjiectrum 
can  serve  as  a good  trial  s]iectrum  for  the  SAND  11  unfolding  code  because 
there  are  many  foils  with  threshold  above  1 Me\'  that  will  allow  SAND  II  to 
make  any  necessary  adjustment  of  this  sm.a  1 1 magnitude  with  good  accurac}'. 

The  fo i 1 -act i vat  1 on  data  of  Mcl.lroy  et  al.  (Kef.  1~)  agree  well  with 
the  rOP  tiata  at  the  core  center  shown  in  figure  J.  fhe  com]iarison  of  the 
two  outside  the  reactor  is  complicated  h>'  nearlyv  scattering  walls  and  b>' 
the  fact  that  the  foil  data  arc  -Itt  data,  while  the  TOf  data  are  angular 

flu.x  data  normal  to  the  surface  of  the  Al'fA-Ill  IBK.  Tiie  APIA- 1 1 1 , like 

2.55 

the  WS.'IK  and  the  SPK- I 1 PBRs,  is  a U meta  1 - tuc  I etl  reactor.  The  APl'A-lll 

is  a 7- i nch-il  i amet  er  spherical  reactoi-,  the  WSMK-IBK  is  ,i  cylindrical 

assembly  8 inches  in  diameter  7-5/8  inches  high,  and  SPK- 1 I is  a c\  lin- 
drical  IBK  8 inches  in  diameter  x 8.2  inches  high.  The  latter  two  have 
10"o  Mo  added  to  the  fuel.  .All  three  contain  9.5. 2T  “'^‘’u-enr  i cheil  fuel. 

figure  5 shows  a comparison  of  the  ll'f  calculation  with  TOP  data 
(Kef.  181  and  a prot  on- I'cco  i 1 proport  iona  1 -counter  Ip-recoil)  sjiectrum 
(Kef.  1'.))  for  the  STSf-lA  reactor  central  core  region.  The  IDf  code 
agrees  very  well  with  an  average  of  the  two  measurements  in  the  0.01-  to 
(i-MeV  energy  region,  the  region  that  contributes  most  of  the  Si  radiation 
damage.  The  p-recoil  data  are  of  questionable  validity  for  Itt  counters 
above  1.8  to  2 MeV  .and,  for  such  a h.ard  spectrum,  below  0.01  MeV  (Kef.  20J  . 

Above  (i  MeV,  the  TOP  dat.i  show  a harder  sjiectrum  than  the  e.arly  II'P 
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oa  1 cu  1 ;it  ions  that  utilized  l;.Nl)l'/h-l  e ross- sect  i t)ti  data  set.  The  .S'l'ST-lA 

■>^5 

is  rouj;hl>'  a 5(':50  mixture  oT  ITST  enriched  “'‘II  and  depleted  uranium  jilates 
with  '1^70  volume  percent  BeO  modei'ator  and  an  iron  reflector. 

Recent  ini'  ca  Icul  at  i ona  1 results  sliown  in  lij;ure  4 for  a different 
fuel  loading  conf  ij;urat  ion , are  comjiai-ed  to  fOI-  data  and  to  some  recent 
p-recoil  work  (Ref.  21).  The  p-recoil  work  was  jiart  of  an  extensive 
stud)'  wherein  the  detector  responses  were  accuratel)'  measured,  the  carhon- 
recoil  (in  Cll  j- jtas- f i 1 1 ed  counters)  effects  measured  and  ((uantified,  and 
the  [1-recoil  errors  assessed  (Ref.  20).  The  calculations  utilized  f.\l)l'/R-4 
cross  sections.  The  three  sets  of  data  are  in  excellent  ayi’eement  ;ihove 
0.01  .'leV,  the  region  of  ingnii’tance  to  ,Si  radiation  damage,  and  strongl)' 
indicate  that  the  IDl-  calculation  with  the  use  of  the  ujulated  cross-sect  ion 
set  will  provide  a good  "standard"  or  "known"  S[iectrum  for  comjiarison  witli 
the  IVSMIt-TBR  fo  i 1 -act  i vat  i on  sjiect  romet  r\'  results. 

Such  calculations  were  carried  out  for  both  tiie  glor>-hole  region  and 
the  region  outside  the  KSMR-I'BR  reactor  (Ref.  22l.  The>'  were  also  per- 
formed for  the  Sl'R- 1 I reactor  (t!ie  WSMR-l'BR  and  Sl’R-11  sjiect  ra  were 
identical).  figure  S shows  the  results  ot'  the  ll'l-  calculation  for  several 
distances  from  the  WSMR-fBU  re-actor,  with  .in  iS-cm-tliick  4-^t  concrete 
scattering  wall  located  12  meters  from  the  reactor.  This  modeled  the 
scattering  from  the  concrete  floor  meters  below  the  reactor.  Ihe 
radius  of  the  18-cm-thick  wall  was  varied  until  a s|iectrum  was  oht;iincd 
that  gave  a best  fit  to  the  low-energy  foil  data  measured  at  50  cm  from 
the  KSMR-I'BR  (.’Xu,  hare,  ,\u  in  Cd  cover,  and  Sa  in  Td  cover). 

Note  the  jiresence  of  the  1/T  wa 1 1 - scat t er i ng  component  in  figure  5. 
This  is  rcjiresented  as  a flat  region  at  low  energies  in  the  iflo)  = f*(j)(f.) 
plots. 

One  of  these  spectra  calculated  at  7 1 cm  from  the  Sl’R- 1 1 reactor 
is  comjiarcd  with  Powell's  measurements  at  ''(i  cm  from  the  SPR-Il  (see 
figure  (i) . f.ven  if  we  ignore  the  |i-recoil  s]iectrum  above  1.5  Me\',  where 
the  wall  and  end  effects  corrections  for  long  p-recoil  tracks  cannot  he 
determined  accurately  (especially  when  the  4n  correction  of  Bennett  is 
applied  to  a cylindrical  counter  in  a beam  geomet  ry  irradiation),  ;i  mucli 


1 ijiure  1.  STS['-9  an^u  1 ;i r- t'l ux  calculation  compared  dircctl>’  to  TOl'  data  and  tt>  Iti  jiroton- 

rccoil  data  that  were  hot ero^ene i t y-mod i t' i ed  and  corrected  for  ditterent  average 
positions  of  the  counter 


Figure  5.  IIU-  ca  1 cu  1 ;it  iona  1 results  t'ui'  USMR-II5K  with  s[)lu'rical  concrete  wall  IJ  meters 
away.  The  wa  1 1 -modern ed  component,  whicli  increases  as  one  ;i]iproaches  the  wa 
is  the  flat  region  at  low  neutron  energw 


softer  speetniiii  for  tlie  p-i'ecoil  d;ita  is  obtained.  On  the  other  hand,  tlie 
p-reeoil  si>eetrum  inside  the  j;Ior>’  hole  is  iiuieh  liarder  (<2  MeV)  than  the 
ll'f  calculation  (see  l-ijiure  7).  Ih.t  the  form  of  the  llif  spectrum  aliove 
about  0.1  Me\  is  similar  lioth  inside  and  i)utside  tlie  SI’lt- 1 I . This  seems 
intuit  ivel>'  correct,  excejit  t'rom  some  wa  1 1 - scat  t or  i nt;  component  that 
begins  to  soften  the  siiectrum  below  0.1  MeV.  The  KSMU-I-BR  foil  data  will 
later  bear  this  out.  I'hus,  the  p-i’ecoi  1 data  are  too  soft  outside  the 
core  (and  also  in  I'igure  .7  for  a "cold,"  2ero-power  I'eactor  core)  and  too 
hard  inside  the  glor>'  hole.  Here,  the  high  gamma-ray  liackground  effects 
of  the  non- zero-power  reactor  miglit  exjilain  the  enormous  difference  in 
hardness  from  that  of  the  outside  spectrum  for  the  same  p- recoil  counter. 

Ue  conclude  from  these  data  and  from  tlie  threshold - fo i 1 -act i vat i on- 
spectrometr;.  results  presented  in  .Section  b that  the  IIH-  data  jirovide  the 
best  "standard"  spectrum  for  evaluating  the  accuracy  of  the  foil-activation 
method  of  neutron  s[iect  romctr\'. 

The  one-dimensional  S tr.insport  theor\'  code  HTR-IV  (Ref.  lb)  was 

n 

used  to  calculate  the  neutron  spectrum  inside  and  outside  the  WSMR-ldlR 
and  the  Sl’R- ! I . In  addition,  it  was  \ised  to  calculate  the  .M'TA-111  TBR 
spectrum  and  the  spectra  for  several  split-bed  subcritical  reactor  assem- 
blies at  IRf. 

'I'he  IVSMlt-IBR  and  SPR- 1 1 criticality  calculations  used  spheric.al 
geometry,  an  S quadrature,  P.  scattering,  .70  energy  groups,  and  six 
material  zones.  These  six  material  zones  represented  tiic  glor>'  Itole  (air), 
glory  hole  liner  (stainless  steel],  core  (9.7'’o  ' U-enriched  uranium  + lOT 

Mo  ♦-  homogenized  S.S  bolts),  shroud  (*^'b  + .A?.  + resin,  all  thin),  air,  ;md 
4ti  concrete  wall.  The  flux-weighted  cross  sections  were  olnained  with  the 
use  of  the  HtlC-.S  code  (Ref.  27)  using  infinite  dilute  HN'liP/B-7  cross  sec- 

tions  for  all  com]K)nents  except  U (“‘‘'U  is  a minoi-  constituent  of  the 
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97"o  ' ll-enriched  uranium  + lOu  Mo  tuel).  The  ‘ U cross  sections  were 

calculated  by  GGC-5  using  TNOf/h-.^  resonance  parameters  in  the  Nordheim 

integral  method. 

IPI  is  an  1 R r modification  of  the  DTP-U  code. 
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r i son  of  ll'l-  neutron  ‘^peetrum  calculation 
anU  p-recoil  data  for  HI’R- l l I RK  Rlory  liolc 


SI’LCTKUM  GIAiacri.RIIATlON 


I'or  application  to  radiation  damajic  in  silicon,  the  neutron  field  is 

characteri::od  bv  i , the  number  of  1-MeV  neuti'ons  required  to  produce 
• *eq 

the  same  radiation  damaee,  and  the  hardness  parameter  i /<(j,  the  number 

eq 

of  1-Me\'  neutrons  required  to  product  an  amount  of  permanent  tiamago 

ecpiivalent  to  that  of  a unit  fluence  of  neutrons  from  the  radiation  field 

beiiu;  cha  ract  er  i :eil . The  value  of  if  is  obtained  bv  foldinv  in  the  neu- 

eq 

tron  spectrum  in  t|uestion,  Mb',  ''ith  the  damage  function  Dili)  for  silicon: 


/■ 


fd-;)  iHid  tii; 


d'q  n (1  MeV) 


(11 


and 


eq 


Ji  = 


/• 


(i:)iHf)'-if 


1)  (1  MeV)  / fClOtll 


/• 


All  integrals  arc  taken  from  0.01  to  18  Me\ , where  nearly  all  the  damage 
occurs.  I)  (1  MeV 1 is  the  average  value  of  0 over  the  interval  of  0.85  to 
1.15  MeV  (see  Mcthotl  b XX  t,  Append  i.x  A). 

One  such  I)(T.)  curve  that  has  often  been  used  is  th.it  of  R.  R.  Holmes 
et  al.,  shown  in  (•igure  8.  This  was  calculated  using  e.irlv  c ross- sect  i on 
data.  Tor  the  work  presented  here,  the  OlT)  dat.i  recently  c.ilculated 
(Ref.  21)  under  contract  at  IRT  was  utilized.  figure  9 shows  ;i  jiiot  of  .an 
early  calcul.ition  of  l)((i)  for  silicon.  It  exhibits  the  characteristic 
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li);uri.‘  ;>.  Calculated  silicon  displacci 
underestimate  of  displaceme 
Appendix  A,  ASTM  Method  i:  X 


shnpo  of  the  D(l:)  function.  It  con.'^ist.s  of  a silicon  displacement  Kl.UM.X 
calculated  uitli  the  latest  UNlll'/B-l  cross-sect  ion  set  (M.\l  lllM.  Ma>'  19, -1), 
hut  Kith  an  underestimate  of  the  partition  of  neut ron- reco i 1 energy 
resulting  in  collisions.  Altliough  the  shape  of  the  curve  is  re;isona!)J>' 
.iccurate,  all  values  are  vdJ".,  too  low,  the  ctjrrect  v.alues  being  given 
in  lahle  1 of  A|)pendi.v  Method  i:  XXI.  The  correct  curve  is  in  prepara- 
tim,  and  will  he  presented  iit  Ref.  .XI. 


do 
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A numbor  ob  S]icctr;i  were  used  in  an  effort  to  olitain  an  output 

speetruni  ^ i t ii  the  SANP  II  code  (Kef.  25)  that  was  ph\sieall>'  meaningful, 
thus,  the  dependence  of  SAXl'  11  on  a trial  siiecfrum  was  investigated.  It 
was  found  that  reliable  output  spectra  were  obtained  onl>'  if  the  injuit 
spectrum  containeil  all  tite  ph>-sies  of  the  problem.  In  addition  to  SANU  II, 
the  Sl’fCTRA  code  of  lialblieb  et  al.  iKefs.  2(>-28)  of  Sandia  was  utilized, 
rhus,  to  .1  limited  extent,  tlie  sens  i t i v i t>'  of  tlie  fo  i 1 -act  i vat  i on  method 
to  the  unt'olding  code  utilized  was  investigated. 

('.1  FAST  HURST  RFAUTORS 

the  core  of  the  bSMR-lTlR  is  shown  in  Figure  10  for  the  etirlier 
version  without  the  glory  hole.  The  recently  added  glor>'  liole  is  1-inch 
i.d.  and  h;is  a 0 . OuO- i nch-t  h i c k st  a i n 1 ess -s  t ee  1 wall.  i'he  fuel  region  is 
S inches  in  diameter  and  ~ Ai  inches  high.  It  contains  92.1  kg  of  uranium 
alloyed  with  10  wt  of  molsbdenum.  Tlie  uranium  is  9.5.2'’,.  “'^'"’ll.  Figure  11 
shows  the  FHR  critical  tl  iniens  ions . I'he  core  of  Sl’R- 1 1 is  similar  to  that 
of  the  IVSMR-FBR,  except  that  it  is  ,S  inches  in  diameter  and  ,8.2  inches 
iiigli,  and  contains  ItlS  kg  of  iir.inium  I same  enrichment).  It  h.is  a st.iinless- 
steel- lined  glor>'  hole  l.(i25  inches  i.d.  The  AI’F.\-11I  I HR , shown  in 
Figure  12,  is  a i nc  h- d i amet  e r sphere  fabricated  with  OO  kg  of  uranium 
(9.5.2".  ■■’’■’ll). 

(..2  UFOiri  lion  SI’I.CTRIIM 
(1.2.1  .S:\NIi  11  Coi.le  Results 

Fhe  suit.ible  trial  spectrum  for  the  glory  hole  fo  i I -act  i v.it  ion  data 
Igoiterously  provided  by  H.  f.  Wright  of  the  WSMR  Uosimetry  Section)  w,is 
the  (ion  I V.A- 1 > |H'  spectrum  cont, lined  in  the  S.AMi  II  librarv  of  trial  spectra 
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SAFEry  3L0CK  SUPPORT  (SS) 


[spi.‘>.t  rum  5,  const  ruot  cj  h;.  C . S.  Shapiro  (hot'.  JiM].  Ihc  results  of 

SAMI  II  with  trial  s[)oct  rum  5 are  shown  in  I ij^urc  IS  comi'ared  to  the 

I I'l- -ca  I cu  1 at  cd  core  spectrum.  The  agreement  is  eery  jtood  . Ihis  is  spec- 

t ruiii  S of  I'ahle  1.  Onl>’  four  iterations  of  SAM'  II  were  rei|uii'ed.  The 

radi.it  ion  d.imai;e  produced  hy  a unit  fluence  ot'  neutrons  hav  ing;  the  SA.Ml  11 

outjnit  (trial  spectrum  number  5 of  the  SAM)  II  1 ibrar>  of  trial  S])ectr;i) 

is  the  same  as  that  pi'oduced  by  a t'luence  of  1 . 0.SS  1-Me\  neutrons,  while 

; 'T  = l.USu  for  trial  snectnim  number  S. 
e^i 

lor  .1  hatt  fission  spectrum  (SANb  11  trial  siK'ctrum  1),  = 1.21(>. 

lltilizinj.;  this  as  a trial  s[H'ctrum  leails  to  a S.A.M)  II  output  sjiectnim 
(figure  11,  spectrum  T of  Table  1|  with  ^ / (}i  = 1 . 0()4 . 

figure  la  shows  the  results  of  a SAM)  11  unfolding  operation  using 
the  IDf  calculation  as  a trial  spectrum  (Ref.  SO).  Ihe  foil  data  and  the 
c.ilculation  are  in  exci’llent  agreement  in  spectral  shape  and  also  in  terms 
of  a silicon  r.adiation  damage  equivalence.  The  value  of  ft’)'  this 

SAND  11  result  (S]iectrum  B,  Table  1)  is  1 . 0S7  compared  to  = 1 . OS  1 

for  the  IDf  spectrum. 


O.J.:  SI’ITITRA  (Mdt^Results 

The  same  fo  i 1 -ac  t i vat  i on  data  were  used  with  the  SPfiCTRA  unfolding 

00  80 

code,  excejit  for  the  toil  utilizing  the  Sr(n,-n)  Ir  reaction.  Its 

threshold  is  at  'vll  Me\'  and  has  negligible  effect  on  the  out(iut  sjiectrum 

and  on  if  /f.  Inclusion  of  Zr  (iroduced  mathematical  difficulties  in  the 
ecj 

SI'I'CTRA  code  with  the  IDf  input  spectrum.  The  results  are  shown  in 

figure  lo  and  correspond  to  siiectnim  R in  lable  1.  'fhe>’  \ ield  good 

comjiarat  i ve  values  of  |/T  = KOS"  for  the  Sl’fCTR.A  output  coni]iared  to 

l.OSl  for  the  IDf  glory  hole  spectrum.  The  .SI’l.fTR.A  code  required  lb 

Iterations,  by  which  time  it  began  to  produce  some  sjnirious  structure. 

This  is  seen  as  an  "oscillation”  wliich  nets  a ixisitive  overshoot  at  0..A 

to  0.1  Me\  , negative  at  0.1  to  0.Z.8  MeV  . and  positive  .again  at  0.Z5  to 

0..S  MeV.  It  is  both  [uissible  and  likel>’  for  oscillations  to  have  no  net 

effect  on  /■{■. 

'eq 
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E-1>(E),  FLUX  PER  UNIT  LETHARGY  (arbitrary  units) 


E’O(E),  FLUX  PER  UNIT  LETHARGY  ( arbitrary  units) 


(1.2.3  Choice  lln_t\)ldniK  Qide.s 

Con.sec|ueiit  1 > , the  SA.Sn  II  version  (kel'.  I I)  of  the  .S.A.Mi  code  (Kef. 

13)  docs  tend  to  suppress  the  growth  ot'  s]iurious  structure,  as  described 
in  the  users'  manual.  Code  comjiarison  was  carried  no  further.  Because 
of  these  considerations,  the  many  options  .ivailahle  in  the  SAM)  II  code, 
and  the  convenient  out]nit  format,  we  selected  SANU  II  as  the  working  code 
for  Task  t. 

(1.3  K.SMR-1BR  SI’liCTRlIM  AT  .30  cm  TROM  rilT.  RliACTOR 

As  seen  in  Figure  3,  the  KSMR-I  BR  spectrum  outside  the  core  is 

essentiall)'  a hard  glor>’-hole-t_v]ie  spectrum  with  a 1/1  moderated  (wall- 

scattering)  component  that  becomes  significant  ( • 1 OT ) at  energies  of 
~> 

about  10  “ MeV  and  lower  for  a distance  from  the  reactor  of  about  30  cm. 
Since  none  of  the  SA.M>  11  trial  spectra  (of  the  1 ibrarv  of  39)  had  a 1/T 
component  normalized  to  a CODUA-tyiie  spectrum  at  ’vK)  ■"  Mc\',  the  unfold- 
ing became  problematic. 

) .Note  first  (Figure  1”  and  spectra  A of  Fable  1)  that  when  the  IDF 

spectrum  at  30  cm  from  the  KSMR-FBR  is  used  as  a trial  s]iectrum,  the 

r 

unfolded  siiectrum  agrees  well  with  the  trial  siiectriim,  >’ielding  = 

1.097  and  1.07(),  resjiect  i ve  1 y . The  foil  data  are  in  good  accord  with  the 
lOF  calculation. 

When  the  (101)  1 VA-type  spectrum  (SA.VO  II  library  s])ectrum  3i  was  used 
and  the  low-energy  gold  foil  data  were  in]nit  to  SA.NO  II,  the  code  required 
22  iterations.  By  this  time,  the  code  had  built  in  a considerable  amount 
of  unreal  (s[iuriousj  structure  in  seeking  a solution  consistent  with  the 


fo i 1 -ac t i vat  i on  data.  Ibis  is  shown  by  the  s]iectrum  ]ilottcd  with  .x's  in 


I 
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Figure  18  (sjiectrum  P of  Fable  1,  = 0.818  for  SANT'  II  versus  1.08(i 


for  trial  spectrum  3).  When  the  low-energy  data  arc  omitted  from  SAMI'  II 
the  unfolded  spectriiin  (dots)  agrees  reasonably  well  with  the  injiut  siiec- 
trum (solid  line),  and  this  is,  of  course,  a ph\'sicall>'  incom]ilete  result 
It  is  clear  that  a jiliysically  meaningful  solution  cannot  be  obtained  in 
this  case  without  ailding  varying  amounts  of  1/F,  component  (a  flat-line 


f'igurc  I'.  Comparison  of  1!)I'  calculation  and  SAM)  II  results  iisini;  the  IDl-  calculation 
as  a starting  spectrum.  The  lov^-energy  gold-foil  data  and  the  Np  data  were 
used  with  SA.M)  II. 


comiioiK'iU  in  t l\o  I'.*  (li)  plots)  until  the  resultant  trial  speet  rum  aj;rees 
uith  the  SAM)  11  output.  The  flow  iliajtram  of  I'ijture  1 outlines  this  pro- 
cedure in  which  the  trial  S])cct  rum  must  he  specified  dt)wn  to  the  t\l  cutoff 
enei-gy.  Also,  fd-covei'cd  Uiw-eneri;>  foils  must  he  used  foi'  fittinr,  the  l/l 
component  to  the  fission  component  so  that  the  thermal  (Ma.xwel  I i an ) peak 
can  he  fitted  latei’  with  the  hare- foi  I data. 

figure  IS  shows  the  effect  t)f  utilizinv;  a trial  spectrum  ( so  I i l1  line, 
that  has  too  laipi’.e  a value  of  l/f  component.  When  the  unfoldiiii;  is 
eai'ried  out  with  the  I ow-enei’gN'  gold-foil  dat.i  input  to  SAM)  I I,  a phs'si- 
call>'  unreal  spectrum  's  oht  a i ned  (open  eii'cles,  ligure  IS,  and  spectrum 
0 ot‘  I'ahle  I).  The  starting  spect  nim  was  spect  nim  l.S  of  the  SAM)  II 
t r ia  I -speet  rum  library.  It  consists  of  a (lOl)  I \ .A- 1 \]ie  s]iect  rum  with  a l/l 
coii)|ionent  normalized  to  it  at  O.S  Me\' . The  solution  immediatel)'  suggests 
that  the  norm.a  I i z i ng  point  for  the  trial  s]ieetrum  he  moved  down  to  an 
energ>'  well  helow  I). .a  Me\  . Ag.i  i n , as  pel'  the  flow  chart  ol'  figure  I.  this 
is  accomp  I i r.hed  iterativel)'  until  the  trial  s]ieet  rum  and  the  SA.MI  II  output 
agree.  Note  that  the  trial  si'cctrum  has  a ; /f  value  of  O.lSo,  while  t he 
solution  with  gold  toil  (s]'ectrum  l),  Tahle  I)  >ields  ” D.SJS. 

I he  solid  (loints  in  figure  19  dejiict  the  result  of  a SAM)  II  run 
without  the  gold-t-oil  activation.  l.ven  without  the  gold  toil,  the  I’u 
and  “'’"’ll  t'ission  foils  have  caused  the  output  (spectrum  N,  fahle  I)  to 
show  .I  smaller  l/f  com|ionent  than  trial  siieetrum  15.  for  this  case,  f^^/T 
is  onl>'  O.tiJS  for  the  SAND  II  out]nit  spectrum  without  gold-foil  data. 

In  addition  to  unfolding  with  an  overmederat  ed  trial  spectrum  ( I .S ) 
and  an  undermoderated  (lODlVA  trial  spectrum  (S),  some  unfolding  w;is  done 
with  a Watt  trial  spectrum  (I)  for  fo  i I -act  i vat  i on  data  at  .S  cm  from  the 
KSMR-IBU.  fhe  results  (figure  20  and  spectrum  Q of  Tahle  I for  gold-foil 
d.ita)  are  much  like  those  for  trial  spectrum  .S , and  do  not  warrant  further 
discussion  here. 


lO 


Figure  19.  S.\NT)  II  results  with  and  without  the  use  of  the  low-energy  (gold  foil)  data 
when  an  overmoderated  fTRIG.\-type)  spectrum  is  used  for  a SAND  II  start 
spectrum 
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'Iwo  SAND  Ii  unfolding;  results  cumpured  to  the  U.itt  t:irt  iii-ettM."  'did  linel 
vvhich  has  no  wa  1 1 -niodcrat  cd  component.  Ihei’e  i-  approx  i ;.it  e .i r'.-'..  nent  when  the 
low-energy  (gold  t'oill  data  are  oniitteii,  hut  an  alnuist  iieaii  i n;;  1 1 ■ spectrum 
results  when  the  foil  data  include  a lou-energ>'  contribution  not  includei.1  in  the 
tart  SI 


7.  VAUl  Al  lONAL  S’lUDV 

A iiumlKT  of  variational  studies  of  the  effects  of  c ross- sec  t i on 
uncertainties  on  unfoKlinij  have  been  made  over  tlie  past  several  years.  In 
some  of  these  studies,  the  reaction  cross  section  for  a given  foil  uas 
varied  at  random  over  the  neutron  energ\-  region  above  threshold.  lliese 
shovseil  that  a random  variation  o\ei'  many  energy  groups  lias  almost  no  net 
effect  on  the  output  spectrum.  In  the  i^ork  described  here,  the  variational 
studies  were  accomplished  b\'  ch.inging  the  magnitude  of  each  individual 
cross  section  in  a preselected  manner.  This  change  can  be  rejiresentat i ve 
of  a c ross- sec t ion  error,  an  incorrect  branching  ratio,  or  an  uncertaint)’ 
in  the  f I ss  i on- fragment  >ield  used  in  calcul.it  ing  back  from  count  rate 
observed  to  activations  actual  1>  jiroduced.  This  cross-section  change  was 
simulated  b>-  ch.inging  the  iii])ut  act  it.it  ion  number  used  in  SAND  II.  In 
f.ict  , this  \ .1  r I .It  uin.i  I stud)'  s imu  1 1 .iiieous  1 v evaluates  the  effects  of 
counting,  foil  weighing,  and  sel f-absorpt ion-correct  ion  errors,  as  well 
.IS  c ross  • siv  t I on  uncertainties.  The  et'fect  of  varying  the  activation  (or 
"cross  section"'  input  to  ,S\Mi  ||  on  the  1-MeV  silicon  equivalent  fluence 
was  ev.iluated  by  fo  K1 1 ng  the  resulting  .SA.Nb  II  output  s])ectrum  with  the 
neutron  energ> -depeiuli'iit  d.im.ige  function  l>(l  1 for  silicon  shown  in 
figure  9. 

It  should  be  pointed  out  th.it  .iiiy  future  updating  of  the  data  on  IHf) 
or  on  the  act  iv.it  ion  cross  sections  does  not  invalidate  this  stud).  The 
l-MeV  eipiivalent  s|iec  1 1' ic.it  ion  c.in  siiiiplv  he  updated  with  the  improved 
data.  Nor  will  the  procediir.il  spec  i f i c.it  i ons  written  up  in  Ap]iend  i ,\  A he 
invaliilated  by  such  improvements  in  cross  section. 

In  figure  J1  is  shown  the  result  of  a series  of  .S.AND  II  unfolding 

opcr.itions  with  the  cross  sections  varied  b)  15  and  dS'k,  individually  for 

’5.S  ■’1 

most  cases  and  in  pairs  tor  the  II  and  Mg  toils.  for  the  pairs,  in 
J5.S  JJ 

one  case  hoth  the  “■  II  .iiid  ” Mg  activations  were  increased,  and  in  the 
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otiiLM'  the  ”‘^'"^11  aetivatit>n  was  inereased  and  tlie  ‘ *Mi;  deereased.  A Tv>tal 
of  nine  foils  Uvis  used.  These  are  “''I’u,  U,  and  ' 11  fission  t'o  i 1 s 
eo\ei'ed  i t h boron,  a eadm  i uin-eo\ered  i;old  foil  to  protide  low-em-rjty  data, 
and  foils  utilizinj;  the  follouiny  reactions:  '^“S(  n ,p  I i ( n , r'’‘'’(.:o  , 

'’*'l  e(  n , p ) , “ *My  ( n , p ) " '.\a  , ,ind  * “ I ( n , Jn  ) ' I . 

The  hare  sold  foil  aiii.1  the  t!d-eovered  sodium  foil  uere  not  ine  hided 
heeause  the>’  caused  the  SAXP  11  code  to  iterate  a lai'se  number  of  times 
to  produce  the  local  stnicture  at  Iok  enersies  reipiired  to  fit  these  three 
activations  to  the  final  curve.  One  should  either  include  this  local  stnic- 
ture in  the  start  spectrum  or  use  onlv  the  "a\erase"  foil  (in  this  case, 
the  fd-covered  sold  f o i 1 i for  serious  stialies  at  hisl'  eiiersies.  The  local 
structure  in  the  low-eners)'  resion  can  later  he  modified  h>'  var>ins  the 
strensth  of  the  tliermal  peak  that  is  superposed  on  the  1/1.  component  heloiv 
'vlO  Me\  . Rare  low-enei'S)'  foils  are  now  used  li  isure  1). 

The  perturbeil  spectra  in  fisure  IS  are  shown  com]'ared  to  the  unjier- 
turhed  spectrum  (solid  linel.  The  threshold  enei's.v  of  the  foil  cross 
section  lieins  varied  is  ilepictei.1  h\-  a \ertic.il  bar  aiul  horizontal  arrow 
located  below  the  cor  res|H>nd  i ns  cur\e.  .Note  that  the  effect  of  v.irvins 
one  of  the  act  i \ .it  ions  (or  cross  sectionsl  is  \er>’  local  for  those  foils 

th.it  h.ive  thresholds  near  the  threshold  enersies  of  the  other  foils.  The 
’SO  ’SS 

■ I'u  and  the  U toils  have  a --lisht  ettect  on  the  low-ener.s>  data  as 

d.so 

well,  prohahl)'  because  no  other  thresholds  exist  between  the  I'u  (0.01 
Me\)  and  “'’''u  I 1.5  MeV)  thresholds  and  the  sold-foil  resion  {'v.S  e\  1 in  the 
present  s>'oop  of  nine  f o i 1 s . 

In  Table  1 is  shown  a list  of  1 -,''le\  equivalent  t.ilues  for  the  varia- 
tional studies  shown  in  Tisore  dl.  These  are  spectra  C throush  .'I  in 
Table  1.  These  data  indicate  that  for  foils  with  thresholds  below  d Me\', 
whei'e  few  thresholds  exist,  ;i  d5'T  inci'ease  in  c ross- sec  t i on  or  foil  acti\a- 

tion  t'roduces  'vd'i.  decrease  in  T /'f:  for  foils  with  thresholds  iust  abo\e 

eq 

d Me\  , where  the  neutron  flux  is  still  hisl'  and  the  thresholds  are  close 

together,  a d.5 : inci'ease  in  cross  section  of  one  foil  I'roduces  about  a 

Id  or  less  incre.ise  in  f /i>;  for  toils  with  thi'esholds  well  .above  d '^leW 

eq 

a d5'  increase  in  cross  section  results  in  a 0 to  +0.1".,  f /f  change. 

eq 
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I ho  moasufoi'iont  s prosontoii  in  Soot  ion  ('  were  oarrioR  out  at  tlu-  IVhitc 

SanJs  Missile  Itain^o  1 IMt  h>-  the  Suoloar  Operations  and  IM'foots  Branoli  por- 

sotiiU'l  (Ref.  all  with  their  own  set  ol'  foils,  i;amiita-ra\  deteetor,  and 
itaiiihia  - ra>  ealihration  standards.  I'lie  nieasuremcnt  s were  repeated  h>'  IRT 
personiK-l  w i t li  their  foils,  deteetor,  anti  ealihration  sourees.  The  IRT 
ft' i 1 s were  all  obtained  from  Reaetor  I xper  iiiient  s , I ne  . (Ref.  .S.s),  exeejit 
t'or  S]'  .iikI  t'o  i 1 s , whieh  were  t'btained  from  the  Oak  Ritl,s;e  Sational 

faht'rattirv  Isoti'pes  l'i\ision,  aiitl  * “ I,  whieh  was  in  the  form  of 

J - I t'thiaeet  am  i tie , aiitl  eontainetl  in  a thin  aluminum  eneapsu  1 at  i on  . The 

reprotliie  i h i 1 i t >■  tit'  the  USMR  results  is  taken  as  the  preeision  tif  the 
me.tsur  i mt  t eehn  i t|ue. 

A S.\Sn  II  unfolding  ealeulatitin  was  earried  out  with  the  IRI  data, 

using  the  IIU-  e.'ileulated  sjieetrum  as  a trial  speetrum.  The  SASH  II  spee- 

t rum  was  nearl>'  itientieal  in  shape  tti  both  the  IDf  ealeulation  and  the 

S\SI>  li  results  obtained  with  the  K'SMR  tlata  (figure  1 .S ) . The  speetral 

shapes,  as  exi'resst'tl  in  terms  t't'  t /t.  were  a 1 st'  nearlv  the  same;  T /'t  = 

et|  ep 

1 . 1'.S"  for  the  US'IR  tlata  .nitl  l.Dd.S  for  the  I R 1'  results.  In  both  eases. 


t he  t(ut  St  i onab  1 e 


f i : 


ion  foil  data  were  omitted  beeause  the''  s\'stem- 


at  i e,i  1 1 V tl  i s.igreetl 

t 

w i t h t he  ot  her  I'ti  i 1 s ( “ 

^''XP.  '"in. 

anti  “'"’''^11). 

w i t h 

thresholtl  energies 

1^  near  that  of  “'"’“Th  [ 

r.^r'^Th)  - 

1 .“.S  Me\  ] . 

( 1 h i s 

IS  probabl)  tlue  to 

t lit'  tl  i t'f  i eu  1 1 '•  in  et'unt 

i ng  thorium 

f i s s i t>n  V i a 

the 

mass-110  ehain,  hee;mse  t't'  i nt  t'rferenee  hv  thorium  natural  rati  i I'at't  i v i t \ . 

“''’“Ill  was  theret'ore  omittetl  t'rt'm  the  reet'iiimentletl  set  ot'  foils,  \RIM 

Stamlard  ''lethotl  I \\l,  Appeiitl  i \ A.) 

\t  ."'0  em  t'roin  the  USMR  reaetor,  the  agreement  in  speetral  sh:ipe 

(see  I i'.’ui'e  JJ ) is  again  \ei-\  gootl . I'he  hartlness  parameter  f /.f  is  l.t'“(i 

et| 

1-M(A  (‘O.l.'i  MeV)  neutrons/unit  fluenee  (silieon  ecjuivalent)  for  the  USMR 

foil  results,  aiul  f /■}>  = 1 . OtiJ  t't'r  the  I R’l  data. 
et| 


to 
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rims,  for  iioth  sots  ot'  mo;isui'i.'m(.'at  s , a ni'ocision  of  "vO.Ol  in  * /f  is 
inJioatod.  iVitli  standard  tochniques  (see  Appendix  A),  a precision  of  s';, 
is  probable  attainable  uith  uel 1 -developed  technit(ues  in  foil  selection, 
exposure,  counting,  and  data  analxsis,  and  perliaps  10'..  uith  nominal  care. 
This  assumes  that  the  trial  spectrum  I i chosen  accitrdini;  to  tlie 

prescription  of  Method  I-;  XX 1,  .Appendix  A. 

S.l  S T.A.X'HARP  MimiOO  OF  Sf:1,I  i:T1.\0  TRIAI.  Sl’FCfRlIM  4.  .11;  I l-OR  Rl. ACTOR 

SPl.Cl'RA 

It  was  observed  that  all  l\SMR-FBR  spectra  c.in  be  ap]irox  i mat  ed  b>'  a 

tiOPlVA  spectrum  (see  Figure  la)  with  a 1 / F.  low-energy  comiionent  that 

becomes  larjter  as  the  distance  from  tlie  reactor  increases  [see  lOF  calcula- 

t ions  at  different  distances  (Figure  5i].  The  same  was  seen  to  hold  true 

for  the  TRIC.-X  spectrum  presented  in  Section  P.  Thus,  a quod  trial  spectrum 

can  probably  be  jtener.ated  b>-  simple  attachini;  a I'l  ct'ni['onent  .it  •he  pro(K  r 

point  on  the  COlUV.A  spectrum.  Fixture  shows  a CiOl'lXA  spectrum  iSt.irt 

No.  .a),  and  the  results  of  SA.\n  11  unt'oKlinjt  with  a 1,  I comjwment  norm.ilized 

to  the  OOl'll'A  at  O.OOA,  D.Ol,  aiii.1  (COd  '1e\  . ( I'hesc  were  unt'oldcil  with  the 

'S’ 

“Ih  foil  data,  which  tends  to  jirodiice  a d i at  1 MlA  . A dip  or  peak  at 

this  energv  has  no  effect  on  : /;  to  first  oi'iler,  so  that  these  data 

eq 

proviile  a valid  test.)  After  unfoldinj;,  tlie  test  case  of  = Fi01U\'\  + 

1 1 normalici’d  at  0.01  Me'.'  pi'ovides  an  output  s|'ectrum  th.it  is  ne.irl>‘ 

ulentic.il  to  the  i (1).  In  addition,  t /:  for  hot  !i  this  : (1)  and  tlie 

t r eq  t r 

respective  SANO  11  output  shown  in  Fijture  da  ,irc  nearl>-  the  s.ime,  i.e., 

t /f  = 1 . 0.S(l  for  .*  ( F, ) in  all  three  cases,  .ind  /;  : l.OIl,  1 . 0.S  1 , and 

eq  t r ('q 

1 . 1 .a  1 , resjiec  t i ve  1 >■ , for  S.A.NO  II  run  with  CUl'lXX  + 1/1  normalized  at  O.i'O.a, 

O.ol,  ,ind  O.Od  Me\',  resfH'ct  i V e 1 > . Finis  , the  0.01-'!e\'  normal  iziiii;  point  was 

found  to  be  the  best  for  : (F|  in  the  case  of  the  spectrum  at  .10  cm  from 

t r 

the  I BR  reactor  ( 1 (na  cm  above  the  concrete  floor). 

Ihe  validit>’  of  this  pi'ocedure  should  be  checked  b>  further  com]iarinc, 

these  values  of  f /v  to  those  for  (a)  the  ll'F  FBR  calculation  at  50  cm, 
eq 

and  (b)  the  S.AM)  II  output  with  this  IPl  spectrum  iisevl  as  ^ 

resiiective  values  of  .f  /f  .ire  I . 0“  I and  l.OtnX.  Ihus,  the  accuraev 

eq 
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A sot  of  throshohl  act  i v;i  t ion  foils  l^;is  exposod  ti'  t ho  lionoral  Atomic 
rUU'iA  reactor,  inside  the  d-tuhe  \\hich  ainit  s the  reactor  core  (see  figure 
JJ|  adjacent  to  fuel  element  (i-l  sliown  in  figure  J.s.  A A- inch  lead  shield 
sejiarates  tlie  d-tuhe  irradiation  cliamln'r  from  tiie  i-eactor  core,  and  a lioral 

shit-'ld  ('v(i.()  cm)  covers  all  sides  of  tlie  ciiaml)er,  1 lie  tot.il  fluenee  uas 

11’  ... 

'vS  X 10  n/cm“,  which  represents  about  the  lower  limit  in  terms  ot 

acceptable  counting  statistics. 

fhe  fUll'i.A  .l-tiibe  spectrum  was  calculateil  with  the  llAIf  code,  and  the 
r.AIf.  spectrum  was  used  as  the  trial  sjU'Ctrum,  ^jj.lfd,  for  SAN'H  II  unfold- 
ing. fhe  results,  shown  in  figure  d(',  >i<.'lded  a spectrum  that  is  every- 
where lower  than  the  (l.AZf,  calculation  below  about  lOn  ke\  . Ibis  indicates 
that  the  tfAIf  code  predicts  a spectrum  that  is  somewh.it  too  high  below 

this  energv.  'fhe  respective  values  of  ; , ; for  the  ■■■\_l  spectrum  and  the 

at 

.S.A.Nl'  11  result  are  O.PIZ  and  O.OO.A,  which  is  consistent  with  ,i  li.AZf.  spec- 
trum that  is  too  soft  compared  to  the  threshold- foi 1 data. 

Next,  S.\N1'  11  w.is  run  with  trial  sjiectrum  No.  ~ of  the  SAND  II 
librar\-  of  start  spectra.  fills  is  simpl>'  a ('.01'l\\  s]H'ctrum  i start  No.  .N I 
with  a 1/i  tail  normalized  it  -sOO  keV.  fills  is  also  too  suit  a trial 
siiectrum,  as  can  be  seen  from  the  plot  ot'  trial  sjioctrum  No.  ~ and  the 
accomiian>  ing  S.ANP  II  result  shown  in  I igure  2~ . 

the  results  of  a more  recent  calculation  for  a similar  wat  er-moderat  ei.i 
reactor  iRef.  .'i“ ) were  used  for  i”  1 b.ANH  II  unfolding  ]irogram. 

Ihe  calculation  was  carried  out  with  a finer  group  structure'  than  the  tlAZf 
c.i  1 cii  1 at  1 on  I Ref.  .A(i),  and  was  able  to  reproduce  much  ot'  the  reson.iiice 
structure  above  0..s  Me\',  the  low-energy  cutoff.  I xcept  for  this  resonance 
structure,  the  S]iectniiii  was  fouiul  to  be  nearly  identical  to  the  (itil'HA 
spectnim  which  was  used  for  extrapolation  down  to  the  i'.ls-Me\  point  of 


.■^1 


t 


rT 
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I Ik'  1 /I  - spoct  rum  juncture.  This  spectrum  (I  ii;ure  JS)  is  consistent  uith 
tlie  t liresho  Id  - t’o  i 1 ilata,  as  sei'n  h>'  the  excellent  aj;reeiiient  betueeii  the 


t \\o . 

Thus,  a 1/T  iiutcture  at  O.I.s  MeV  is  called  t'or  when  tailorinit  .a  t'.OIMVA 
,uid  1 1 spectr.il  comliination  to  obtain  a reliable  i'lpn'  ' bA\|) 

M.  The  corresiunv.l  i ni;  juncture  points  uould  be  at  0 Mc\'  for  a IBK 
itlor>'-hule  spectnim,  and  0.01  MeV  at  ,al'  cm  t'l’om  tlie  reactor,  uith  1 . 
increasin>t  uith  distance  auay  from  the  reactor  and  nearer  the  source  of 
tlie  floor-  and  ua  1 1 - sc.it  t er  i ni;  cora['onent  . 

o.i  01 1,  .SI  I i -siiii  i.mxo  corki  i:tio.\ 

The  lou  enetpcy  end  of  the  S.WO  II  spectrum  (l  ij;ure  JSI  shous  the 

results  of  varsini;  the  correction  I'or  Rold  I'o  i I self  absorption.  While 

a I'actor-of-tuo  corre'tion  re|>a  i rs  the  "dip"  at  vei'>  st  roiij;  .S  e\’  jtold 

resonance,  the  int'liience  on  ; /t  uas  1",  almost  lui;  1 i i;  i b 1 small.  The 

e.| 

measured  so!  t'-absoriU  ion  corrivtion  for  a 0 . 0()_'.V-cm- t h i I’k  cadmium-covered 
'.’.old  foil  is  .d..S  for  isotropic  flux  (Ref.  .AS  I . Thesi,'  corrections  (Ref. 

.A‘.)|  are  only  im['ort,int  t'or  lou-eneri;y  spect  romet  r>’ , but  should  nevi'rthe- 
less  be  made  to  avoiu  the  possibiliti-  of  the  S.A.MI  II  code  makine  compen- 
s.it  i 
ma  V 


1 


njt  ch. mites  in  the  uronjt  part  of  the  spectrum,  where  l'(f.l  for  silicon 
be  d r.i  St  i ca  1 1 > d i f ferent  . 


I 


10. 


sri  cTRAi.-ism  \ I'liARAcri.uizA'noN  oi-  rill.  ni  uiron  sprcrRiiM 

l-OR  I’ROlUH'l.W;  RAIHATION  D.AMAlll:  I Si  I. ICON 


Note  that  the  h i ah-energ>'  end  of'  the  .speetnini  for  the  NlOBli  ealeula- 
tion  (I'iiture  AS  I is  lemer  than  the  SA.N'O  11  output.  1 he  same  is  true  for 
the  t;oi)lV.\  s[ieetrum  |l  it;uro  2~ ) ami  the  tlAZh  (ligure  _’u),  although  le.ss 
so  for  the  latter.  In  examining  the  activations  calculated  liith  S..\.N0  11 
for  the  input  spectrum  : ^ j,  1 1 I. 


A lea  Id 
\ 


Me\ 


0^1  H]  di: 


(.x| 


otie  t'inds  that  , the  I'ercentage  difference  hetueen  measured  and  calcu- 
l.iteil  activations,  consistently  increases  with  the  threshold  energy  1^  of 
the  foi  1 for  1.^  • .A  MeV.  Thus,  the  early  calculations  ai)]iear  to  under- 

predict the  high-energv  flu.x  in  a consistent  manner.  (This  discrepanc>’ 
is  not  imi'ortant  to  oinaining  accurate  SAM)  11  results,  hecause  the  coi.le 
easily  and  rapidlx'  corrects  the  spectrum  here,  where  manv  values  of  1^ 
exist  and  when  the  discrepancy  increases  with  1-^  • I This  has  a direct 
impact  on  the  pojnilar  procedure  of  cha  r.ic  t er  i ; i ng  the  neutron  spectrum  b>' 
tile  spectral  index  (SI),  which  is  defined  as  the  ratio  of  neutron  flu.x 
above  10  keV  to  the  flux  above  .A  Me\  . The  SI  is  often  used  to  characterise 
the  radiation  damage  effect  i veness  of  the  spectrum  which  is,  in  a wa>',  an 
approach  to  estimating  /T.  If  the  results  of  a jioor  calculation  are 
used  to  infer  SI  from  : . (1  I,  a larre  error  can  ensue.  This  can  be  seen 

from  tin.'  following  ce'mparison  of  the  calculated  and  measured  values  of  the 

SI  and  of  i /T.  lor  the  glorv-hole  spectrum.  - l.O-AI  for  the  ll'l 

eq  ' • eq 

calculation  .and  l.OJ.A  for  the  SA.\I)  II  result  using  this  calculation  as 

(l-.l.  Tit  i s is  .1  I'  .agreement.  The  respective  SI  are  S.OU  and  (i.79.  or 
a .AJ".  dit'fereiice.  Thus,  a very  Large  diffei'ence  in  SI  can  occur  for  twa> 


As 


( 


spootra  with  noarl\'  idontu'al  silicon  radiation  daniajtc  cl't’cct  i vcncss . 

This  is  due  to  the  SI  bcinj;  a charact  ci'i  :.at  ion  that  compares  the  total 
neut  ron  I'liiencc  to  that  above  a Me\’,  where  there  are  onl>'  a tew  neutrons, 
and  therefoi'e  little  contribution  to  the  radiation  damajte.  I A 1 -Me\' 
dividinj;  line  would  ;,;ive  a much  more  siaisitivo  measure  of  radiation 
damai’.t'  effect  iveness.  ) 

l-or  the  US''1R-I'BK  30-cm  spectrum,  f /f  (ll'fl  - 1 . 0"-l  and  ;■  /'{ilmeas)  = 

eq  C(( 

l.lUvl,  which  is  a 1 ■ a;;rcement.  1 he  respective  SI  are  "."1  and  ().12,  a 
dl  difference. 

for  the  rUUlA  .1 -tube,  f /^KiAZf.)  = O.di:,  f /<Mmeas)  = O.DD.S,  vield- 
ini;  a 3 i>  li  i t'ference.  The  resj'ective  SI  are  .1'.'  and  (>.31,  which  ditter 
bv  11)1,. 

While  it  is  cleai-  from  these  comp.irisons  that  the  SI  representation 

m;i>'  be  10  to  30,  off.  .a  spectrum  char.icteri  :;at  ion  h>-  an  imprecise  threshold 

fo  i 1 spectrum  ’iieasurement  ma>  be  worse.  for  example,  a measurement  of  the 

l')~ 

IKiiiA  siu'ctrum  was  made  two  >eai's  ai;o,  utiliiing  six  loils  ( Au , 1^  =0; 

■•'•’I'u,  1 0;  Np,  1 0.3  Me\  ; f = 1.13  Met  ; '"'■S.  f.  - Z . i>  MeV; 

and  ■ A'In.i),  1^  .S . ~ MeV  | . No  express  c.ire  was  taken  to  choose  ' 

with  all  the  ph>sical  char.ic  t er  i st  i c s , a choice  that  is  most  necess.ir>'  tor 

obtainiipc  ,i  r.ood  spectrum  from  10  '''  to  ZO  MeV  with  onl>'  six  in]nit  numbers; 

file  s|  se  obtained  was  ‘.) . Z I I'  /t  was  0..S11).  Ibis  solution  was  so  non- 

eq 

phvsical  th.it  when  u-'Cd  in  SAM)  II  as  the  parameters  became  ever 

worse  (lo.'.)l)  for  SI  ,md  0. (>(>()  for  : /fl.  A comparison  of  the  |0".3  .md  the 

eq 

l'.)^3  result  - is  civen  in  I icure  ZO.  The  latter  data  were  obtained  with  a 

h>brid  ll  I cons  i -tinj;  ot'  the  NlOHf  calculation  above  0.S3  IdeV , liAZf. 

bitweeit  0.1  and  O.S.-,  ‘'leV  . and  1/1  0.1  MeV.  SI  ' (> . S and  ■;  '*  = 0.0  1. 

eq 

the  S,\NI)  II  result  w is  in  p.ood  aj;reement  with  this  trial  spectrum  t^^Jf'l. 

for  this  c.ise.  : ; l.i)10  and  SI  (i.Z3.  It  is  clea>-  from  these  results 

eq 

th.it  the  .t.indard  pisiccilure  lor  ineasurini;  ; ( f I lAppendix  A1  imr-t  be  S]ielled 
out  in  enoui'h  det  lil  to  I'lisure  I'.ood  ri'prodtic  i b i 1 i t >'  aiul  accuracy.  It  is 
also  clear  , see  I i r.ure  ZO;  that  a los'-lo);  plot  in  the  t'onii  'Mill  \ersiis 

1 is  impoi't.int  in  showinc  up  eieii  aii.i  I 1 .iberrations  in  the  [Ution:  the 

1/f  coiiiponeiit  i - .1  t'l.it  line,  and  the  h i r,h -I'nerjty  component  ibovi'  Z MeV, 


-tu!)c  compared  to  197S  result 


has  a loss  stoo[i  slope.  Tlie  d i sagroomoiit  between  tlie  197.i  results  and 
earlier  ealculations  [such  as  the  GAZi;  prediction  of  <})ib)]  is  not  ver\' 
apparent  on  a log-lo^  <Hb)  versus  i:  plot. 
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I'os  i j;nar  ion  : i:  \M 


Standard  Met  liod  for 
tl.M'Ol.DINC  M.iriKON  SI’ICIRA 


1 . Sco)ie 

1.1  llii.s  method  deserihes  a .set  of  stand. ird  proeedur’es  tor  unt'oldiii. 

.1  neutron  sjieetrum  ij’(f.)  with  the  S.\.\li  I I eoiie,  is  input  d.it.i  i i ; * 

of  threshold-foil  aetivations,  witii  threshold  eiierities  ei'f  /t  ■elv 
ranjtiiu^  t roiii  eadmium  eutot'f  ( \ li)'  Me\  I to  11  \le\  . 

l.d  Hie  seleetion  and  e.xposure  of  ,i  set  ot'  act  ii.it  ion  toils  is 
loiered  in  .A.SIM  Method  f .\\d,  "'lethod  ot  In  idi.it  inr  .i  Standard  S.-t  ot 
Neut  roti  IhroshoUl  Aetivation  foils."  In  .uidition,  a mininiuni  s;..t  rel  i 

able  t'o  i 1 is  presented  in  that  method. 

1.. 1  Ihe  measurement  of  the  speeifie  .letivities  of  tlie  thri'shold- 

aetivation  foils  is  eoiered  in  \SI'I  I W.t.  "Measuring  foil  \etivities  for 
\eutron  Speet rum  Ihifolding." 

I • 1 ll'o  neut  roll  speet  rum  till  .i,s  measunwl  by  this  metlwHi  mai'  liaie  a 
w ide  variety  of  uses.  Nevertheless,  this  method  i .■  spee  i I’ i e.i  1 1 > addressed 
to  eha  I .K  t e r i t i n.g  ;il  in  terras  ot  .i  sin.-le  paraiiietor  th.ii  giii's  a measure 

ot  its  i' t 1 eet  i V eness  in  piMdueing  radi.it  ion  d.im.i  gi'  in  siiieon  sem  i eoiuluet  or 

deiiees.  Ihe  preeision  and  aeeur.iey  ot'  . il  I .ire  therti'ore  exjiressed  in 
teniis  ot  the  1 'le\  ei(ii  • v.i  1 ent  lliieiiee.  for  si  I iron,  and  in  terms  of  the 

hardness  jvi  ramet  er . : . The  ealeul.it  ion  ot'  thes,  i|iiantities  is  .-overed 

111  \sr-l  Method  i.  \\  I . "fh.i  raet  er  i i ng  Ni'iitron  Speet  r.i  in  fernis  .t'  !-Mi\ 

1 oil  1 1" a 1 ell t f 1 iK'iie e tor  K.ul  i .i  t i on  llama gi‘  in  S i ] i eon  . " 

1.. "'  As  a enrol  lar,\  to  measuring  Mli  and  e.i  I eu  1 it  i nr  ; . ,i  .,t.ind.i>a 

r ■ " ‘'^1 

tor  iiieasu 

ing  l-‘de\ 

1 .(. 

that  lead 


■'I'R  Mon  it  or  fount  is  proposed:  .\SHMlethod  1 \\A.  "Mv.isur 

Siiieon  1 i|u  i v;i  1 ent  fliienee  with  fast  . \e. it  run  'lonitor  ." 

\ t 1 ow  t h . 1 1 1 ...  how  n in  fig.  I I i ,s  t s the  sei|tie  iw  i*  at  opi.'  r a t ions 

t"  f(f).  .‘  , /(f.  aiwl  ; /.'lonitof. 

Oil  eq  eq 


I 


1 . I’oriodic  of  niK'lo.ir  Jota  will  i iiiprovo  the  acc-ii!-ac>'  of 

rho  t h rosho  K1  - fo  i 1 activation  cross  sections,  hrancliiii!;  ratios,  and  decay 
constants,  as  well  as  calculations  of  the  damage  function  l)(H).  These 
must  be  utili"ed  to  update  the  input  data  for  t li  i s method  from  time  to 
time  to  improve  its  accurac)’,  wiiich  will  require  u]Hlatiny  these  standard 
met  hods . 

1 . >S  All  fi^  = 0 foils  (both  1/v  and  fission  foils)  are  cadmium  or 
covered,  which  excludes  t henna  1 -neut  ron  measurements.  I'h  i s I'acilitates 
a iiuH'e  reliable  solution  at  liiylier  enerj;ies,  where  [irac  t i ca  I 1 y all  of  the 
radiation  dama>;c  occurs  in  silicon. 

I . ‘.1  ;\ltlK)iu;li  cotles  other  than  S\\|)  II,  such  as  SPf.prUA,  fltVSTAI.  HAI.I,, 
and  OPTISK)  [also  av.ailable  at  K.iil  i .i  t i on  .Shieldinj;  Inform.ation  fiaitei- 
(USIC)  111],  can  give  results,  the  SAM)  11  code  w.is  chosen  bi'causc'  of  the 
built-in  feature  e.f  retarding  the  t'ormation  oi"  spurious  structure  (see 
Sec.  11.1).  Also,  it  provides  in  convenient  format  the  A 's  needed  to 
evaluate  the  agreement  between  the  foil  data  .and  I lu'  trial  spectnim. 

This  pla\'s  an  important  part  in  reiect  itig  err.it  ic  foil  data  and  in  choosing 
.1  more  I'ealistic  trial  spectrum;  a irer  inter.iction  that  is  im|iort,int  to 
un  t'o  1 d i ng  accviracy  . 

S i g.n  i t'i  cance 

d.l  This  iiK'thod  providt's  the  neutron  fluence  ;.  ( 1 ) I'or  g.ener.il  usf, 

■ uch  as  for  ca  1 cu  1 ,i  t i ng,  radiation  d.imagi'  to  autcrials  other  t h.m  --ilicon, 
wlu're  the  damai’.e  versus  ruait  ron  eiieri'.v',  b(l  I,  is  known  or  is  calculable 
t'rom  known  neutron  cross  si.-ctions. 

J.d  This  met  luul  and  the  sup]>orting  met  luids  (Sec.  ' const  itiitv-  ,i 

set  t'  dril't  st.itivlatals  t'or  c ha  rac  t e r i i ng  d i \ vr.r.ent  luait  riui  t'ielils  in 

terms  of  T . tiic  equivalent  1 Me\  t luence  t'or  neut  ron  radiat  ion  damage 
‘■‘I 

in  silicon,  ,ind  it  /' t , the  hardness  parameter  which  siHvifies  the  fluence 
eq 

,’t  I 'ifA  neutrons  requireil  to  pri'diice  the  s.ime  radi.it  ion  vlam.ige  as  :i  unit 
I'liience  ot'  neut  runs  (.above  ().()!  Me\  I h.iving  the  spectral  vl  i s t r i bu  t I on  f(l  ). 
Ibis  ch.i  r.K' t er  i -a  I 1 on  is  o ('  interest  in  [M. inning  irradi.it  ion  schevlules 
t'or  p.irt  ■ -crev'iiing  or  for  samp  1 e - spec  i f i cat  i on  tests,  and  in  com|iaring 
r. idi.it  ion  damag.e  .todies  c.irried  out  in  vlit'ferent  neutron  CieKls. 


Ik' t'  i n i t i ons 


.^.1  1 ho  dosoription  of  toriiis  rohitinji  to  dosimoti')’  arc  found  in 

AS  fM  Pofinitions  f;  1‘'0.  "Terms  Kolatinj;  to  Pos  imot  r>  . " 

.S.J  A is  tile  satiirarod  aotiritv  of  the  sampli',  as  dot'inod  in  ASTM 
'lothod  I:  "Standard  Methoil  fc'r  Moasurinj;  Neutron  l lu\  h>’  Uadio- 

aeti\ation  I'eehn  iuues . " K is  the  measured  numl'i'r  ot'  aeti\ations  per 
nueleus  prodiieed  hv  irradiatinu  N tars;et  nuelei  (of  the  isoto]'e  tliat 

i)  ' 

can  produce  the  reaction)  for  an  irradiation  time  t..  lor  constant  reac- 
tor itouer,  It  is  defined  as  the  measured  ratio  It  = A t./N  . 

‘ III  III  s 1 o 


1.  Summai')’  of  tlie  Metliod 


1.1  ;\  set  of  f o i 1 s is  selected  uith  thresholds  1 that  \ar>-  t'rom  0 

' 1 0 

to  11  Me\' , the  toils  are  wei.rhed,  covered  with  cadmium  or  B as  nec  tssa  r>' , 
and  exposeil  to  a neutron  field  havinr,  a S|n.'ctral  d i st  r i hut  i on  t ll  1.  Ihe 
resultant  rad  i oact  i \ i t >’  is  measured  to  determine  tile  numher  ,\  ot'  r.idio- 
•ictive  atoms  proi.lucei.1  (.lurin;.’,  the  irradiation  of  tari;et  atoms  o t'  the 
ciu'Sen  isotope.  Tor  each  t'oil  siiecies  .v  , 


N 


a^(i:i:  11  1 dl 


i 1 1 


Klu'i’e  1 If.)  is  the  cross  sect  ion  lor  tin-  r cict  loii  heinj;  measured.  The 

X 

set  of  measured  sjiecific  activities,  itieen  h,v  the  rativi  '^'^o'x' 

is  used  as  input  to  the  B\\l'  11  iint'oUlin;',  coile,  alonr,  v%  i t h a tri.il 
spectrum  : (1  1 that  contains  all  the  phvsical  features.  These  t'e.itures 

I » ( ,.  1 • 

may  include  ,i  ll-.'leV  s[>ike  is  1 1 h s lots  I ii^-douii  component  heloii  11  ''1e\  , or 

.1  fission  spectrum  with  1/1  iiioslerated  comiionent  (taill. 

1.1.1  llsiiu'  Iq.  1 with  ; (Tl  in  place  ot'  ; (T|,  the  .S\\l>  11  code 

..1  ( 

c.ilcul.ites  the  various  K (x),  iitili-ine  the  SAM'  11  input  lii'r.irv  of 

t r 

cn>s>  sections  In  ca  1 cu  I a t i ni;  the  various  the  input 

spi's  trum  T (I  1 is  norm.iliied  so  as  to  minimize  the  st.iiul.iial  devi.it  uni  S 
' t r o 

issoeiatCLl  with  the  "zeroth  iter.it  ion"  d i t'ferences  ; (xl  |R  -K.  I/K 

()  III  t r III 

Between  the  measured  .iiul  c.i  1 cii  1 .i  t ed  s]iec  i t ic  act  iv  it  ies. 


PS 


1.1.  J I'or  foils  uliore  .'.^(.xl  is  larj^ost,  the  .S.AXD  11  code  adiust.s  the 
s|H'ctruni  in  the  oner;;''  inlorval  aho\o  l^(xl,  so  as  to  produce  a t’ii'st- 
iterati<'u  solution,  t ^ ( T 1 . uith  reduced  | I x 1 and,  conset(uent  1 >' , with 
I'educed  S|.  These  iterations  are  continued  until  the  n-th  iteration, 
where  .S  eS  pei'cent  . 

l.J  SAND  II  Limi  t.it  ions 

l.J.l  The  t hresho  1 d - I'o  i 1 spec  t romet  r>  method  is  not  t ru  1 >'  .a  siHvtrom- 
et  r\  technique,  hut  rather  a mild  |)erturhat  ion  technii|ue.  ,\s  such,  it 
provides  a reliable  output  on  1 > with  considerable  const  r, lints  aj'plied, 
especiall)'  Tor  the  region  below  1 Me\  , where  only  oiU'  true  threshold  ("'  Np, 
0..S  Me\' I exists.  This  const  r.iint  Is  that  t'or  reactor  spectra,  the  epic.id- 
mium  solution  resembles  a lit11'l\A  spi-,  t rum  with  1-1  t ,i  i 1 I 1 1 t eil  l.Sec.  b.l.dl. 
Since  this  provides  only  oiu'  adjust, ible  parameter,  that  ot'  var'ing  the  1/1 
t'itting  point  until  the  solution  resenil'les  the  tri.il  spectrum,  it  is  pos- 
sible Tt'i"  this  limiting  case  ot  re.ictor  sjH'ctra  to  obtain  a reliabK'  solo- 
rion  \sith  one  real  thi'oshoUl,  an  artit'ieial  oin.-  at  10  keV  1 ‘0  or  ' \\i 

in  boroni,  and  a 1/v  detector  providing  inl\>rmation  below  1 '>1e\  . Ihis  is 
c.irried  out  with  some  interaction  with  the  code. 

a.  Interaction  With  SWb  11  bode 

fi . 1 Exnminjt  ion  of  K (x)  mul  (E)  via  t.hc  V (x)  .Set  of  /;  di  .-.j  f i.'.’ s 

m tr  o 

.a  . 1 . 1 1 t‘  the  solution  -I’jjfld  is  i'h>s  i ca  1 1 >■  meaningful,  it  will  h.ive 

the  same  cha  ract  er  i st  i cs  as  tjj.-  'Hi  i s h;i]ipens  when  no  erroneous  lines 

of  R are  ininit  to  SA.Mt  II  , and  when  the  starting  siiectnim  ; (I.)  ci.uitains 

111  t f 

all  the  ph.vsical  clui  rac  t er  i st  i c s of  the  true  spectrum.  It  is  the  task  of 
the  user  to  extimine  the  set  of  Hi  either  reject  single  spurious  v.iliies 

of  the  correspond  i ng  K 1 x I . or  to  adiust  (b)  in  regions  above  the  thresh- 
old  energy  b^lxl  where  two  or  more  corresponding  vtilues  of  I ■'t  I t't'e  l.irge 
and  tigree  in  sign  tiiul  magnitude. 

.S.J  Choosing  <JDfolding  Rcnctor  Spoctro 

.b.d.l  Most  retictor  spectra  used  for  radiation  ilamage  studies  can  be 
represented  by  a fission  spectrum  with  imiiierl)'  normalized  l/T  slowing-down 
component.  The  tri.il  s]iectrum  can  be  represented  adequ.atelj'  in  this  case 


r 


h>  a t'issioii  spoctnim  with  a fittoJ  1/li  tail.  A trial  fitting  is  f i rst 

, l')7 

uscil.  aiul  it  the  A^,(,\)  tor  the  eadiiiiuni-covered  1 / v detector  ( Au , t,o, 

or  ‘‘’Mn)  aiul  the  or  “’'’ll  boron-covered  fission  detectors  are  large 

and  pi)sitive  (or  negative),  tlien  the  1/f  tail  is  normalized  at  a higher 

(or  lower)  energ.v  to  the  fission  spectrum,  and  SA.M)  11  rerun.  I’rescrihed 

values  ari'  given  in  .Sec.  (>.l  for  the  1/li  noniializing  ])oint  for  three 

dit'ferent  fission  spectra  commonly  used  in  radiation  damage  work. 

.S.J.J  If  4i^^(l.)  is  tt)o  low  in  the  energy  region  above  a few  MeV,  for 

a reactor  spectrum,  the  A (x)  will  he  positive  and  mav  increase  with  f. 

o t 

of  the  foils.  for  this  case,  there  are  enough  foils  used  in  this  (irescrip- 

t ion  I'oi"  S.A.M)  II  to  achieve  a goiul  solution  in  only  a few  iterations,  so 

th.it  need  not  be  adjusted  here.  A more  common  problem  here  is  that 

one  of  the  A ( x ) is  erroneous,  reiiuiring  manv  iterations  to  achieve  a 

solution.  This  is  seen  as  a ph>sicall\'  unreal  oscillation  in  the  solutiini 

•b  (1  ),  in  which  case  the  sinirious  activation  It  (x)  must  be  removed  aiul 
^n  ' m 

SAND  II  rerun  without  this  activation. 

.A . .T  Choosinq  iti  (E)  t or  Non-Roactor  Spaotrd 
t r 

5..A.1  In  this  case,  ^ should  be  obtained  from  a neut  ron- 1 ransjiort 
calculation  containing  the  source  term  (sa>’  lt-Me\  neutrons)  and  all  the 
suri'ouiul  i ng  material.  A simple  one-dimensional  ap|irox  i mat  ion  to  the 
actual  geomet  r,v  is  usual  1>-  adequate. 

A.  I Rocuqnition  of  a IVeJ J -Behaved  Solution 

A.I.l  IVhen  the  U (xl  and  T (b)  are  self  consistent,  the  SANIt  II 
111  t r 

perturbation  coile  will  ctmverge  in  a few  iterations  (u  = 1 to  10),  and 

T ( f. ) will  be  much  1 i ke  ; (1.1. 

n t r 

A.l.d  the  prescriptions  set  forth  in  .Section  (i  are  designeil  to 
achieve  such  a solution.  It  is  most  easily  recognized  by  comparing 
plots  of  'f^^Jf)  and  Tj^ni)  on  log-log  paper,  but  with  f.*T(l  ) plotted  instead 
of  T(bl-  In  this  way,  the  1/1.  slowing-down  region  apjiears  ;is  a flat  line, 
and  the  slope  of  if  ( f.  I above  a few  MeV  is  not  nearl>-  as  steej'.  I'eviations 
of  ft'om  therefore  much  more  apparent  in  the  i:*4'(l'l  plots. 
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SAM'  il  Oporat  i ni;  l’roci.'i.lm'o 
().  1 SA.V£>  II  Inputs 

('.1.1  rile  SAM'  II  eiHle  is  uperali'i.1  in  the  TIMI,  I NlTtiRATI.I'  mode, 

whieh  standardises  the  ae t i vat i on- fo i 1 input  format  for  both  fast-hurst 

.ukI  steaily-state  i rnul  i at  ions . The  inputs  ai'e  the  trial  speetrum 

the  si'eeit'ie  activities  R (x)  of  the  foils,  and  the  foil-cover  data. 

‘ m 

(i . 1 . d Trial  Spectrum 

(i.l.d.l  lor  a t;0l'l\.\-t  vpe  reactor,  select  speetrum  No.  .S  of  the 
SAM'  11  1 ihrar>’  of  trial  spectra  for  a j;lory-hole  siiectrum.  ' 

f'.l.d.d  for  a spectrum  at  iiO  cm  from  a (101'l\A-t \]ie  I’cactor  ; 

meters  above  a concrete  flooi',  use  trial  spectrum  No.  :■>  ivith  a 1/1  j 

comi'onent  I'itted  at  10  “ MeV  [this  will  he  compatible  with  the  1/v  foil  , 

SO  aS  10"'  d.S.S  2.S0  : 

( 'Co,  'In,  or  Aul  and  the  boron-covered  II  or  I’u  low-energy  ' 

fission  foil,  and  will  avoid  distortions  in  the  solution  $(111  for  h >0.01  1 

Me\  that  result  fnim  omitting  the  1/1:  componentj.  1 

0.1.J..S  for  a TRICiA  spectrum,  fit  the  1/1.  component  at  O.IS  Me\  . 1 

('.l.d.t  To  oht.iin  trial  sjiect  rum  No.  .S , fii'st  run  S.VNO  II  with  the 

trial  s]iect  rum  .No.  ,S  o|)tion  c.illed  for.  The  SA.NO  II  out]iut  will  include  I 

- 1 0 1 

a I'l'intout  of  start  spectrum  No.  .S  ((idO-jH'int  spectrum  I rom  10  to  18  ^ 

.Me\).  Normalise  the  1/1:  spectrum  .at  the  projier  point,  as  prescribed  above,  j 

and  iii])ut  the  result  ing  h>hrid  s]iectrum  at  Ah/I.  - 10  percent  energ>'  inter- 

v.i  1 s above  the  normalizing  point  energy  (i.e.,  at  ('.l.S,  O.Ol.S,  O.OOl.S  Met, 

etc.,  down  to  1 ('  MeV).  I'he  h\hrid  s]iectriim  is  input  as  Sri.Cl'RUM 

rAHlll..\R,  as  described  in  the  ii'i'iit  instructions. 

('.l.d..'’  for  cases  other  than  the  three  mi'iitioned  above,  choose  a 
normalizing  point  at  ('.O.S  'UA  t'or  the  1/f.  tail,  .uul  proceed  with  the  fitting  i 

operation  as  described  in  .Si-c . 8.2. 

(' . 1 . .8  Thi  ('sho  hl-Foi ! Data 

('.1..8.1  fhe  t h resho  Id  - fo  i 1 isotope,  the  t>]ie  c'f  reaction,  the  speci- 
fic .ictivit''  R , and  the  foil-co\er  ilata  are  I'Ciiuireil  inputs  to  t lie  i 

m 

•SA.NI'  II  coile.  for  e.\am]'le, 

112.8.81  BORON  0.101 


V, 


AUl'.'T,  I'.AI'MIUM  O.DDISI) 


;ukI 


corrospoiKl  to  the  re;utioii  ^ith  the  toil  oovi' roJ  with  1 . (iN 

' 1()  1‘)"  lOS  l'>" 

j;/cin  ot  h,  aikl  the  Au|n,i)  roaotion  with  the  An  toil  ocuoi'i'J 

with  a 0.  1 -om-t  h iok  oadin  i iiiii  foil.  .A  .'^poo  i t'lo  .Ktuatioii  ot'  .'■•.t>lJ  oor- 

rospoMils  to  “'^'’Hl  = 7i.9  x 10  fission.s  pt-oJiiood  pi  r ‘'''‘’ll  ator.i  pro'^oitt 

in  the  taritot.  hhoroas  R is  input  I'or  t'issiun  t'o  i 1 s . I'or  non-t'ission 

t'o  i 1 s , R is  imi  1 1 i pi  i I'll  h>'  \ = (' . (I'.'.x/ 1 , ot'  the  r.u!  i oait  i v o ''J'oi  i I's  for 

™ ‘ , I'O'  'o' 

input  to  SANO  II.  Ihroc  or  moro  1 i iliti-itor  IvmIs  suoIi  ,is  \u,  Ci>, 


.mil 


'll)  oan  hi'  used  with  .i  '^A\|i  II  trial  run,  hut  the  oik'  with  t hi'  i.iliio 


of  ' most  iii'.irlv  the  .itoraito  o i'  the  throe  should  he  ihosi-n  t'or  thi'  t'inal 

i> 

run  ot'  .SA.\|)  II,  the  others  hi'inp,  ri'ieeti-il  to  kei-p  t hi'  numhir  ot'  itef.it  lon^ 
ot'  .SAN'O  II  (and  theret'ore  the  spurious  -trueturi-  to  .i  minimum. 

Ai-'i-'f 'Uf.ji'jc'i'  I'ritori.i  .'>.r  .i  .■  on  ; (f;.' 


;i 

(i . J . 1 If  ,m  I *:if)  pli't  of  t^^il  I show  . the  Sami'  j;i'iieral  sh.ipi'  as  ;i 

similar  tvpe  iilot  of  ; (I  i.  with  ; I ; si'leetoil  .is  in  her.  . I . 1 . then 

.'^^(I'l  is  likel>  to  ri'i’ ro''i'nt  ,i  jt"oil  solution.  Ihis  is  iisu.illi'  aeeomp.in  i eil 

In  n heini;  small,  as  mentiiiiii'd  in  ''^ee . .'>.1.  It'  ; I i exhihits  a shape  verv 

n 

iiiiK'h  unlike  ,‘  , the  user  must  ex.imini'  tlie  > x i (riven  hv  the  S.ANh  11 

t I'  o 

printout)  for  spurious  v, tines  o t'  ( x i , .ind,  theret'ore,  R (xl.  An\'  spur- 

ions  value  is  roieeted  .ind  the  SWh  II  eode  is  ri'i'iin  without  this  toil. 

On  the  other  hand,  when  mori'  than  oiio  t'o  i 1 in  ,i  r.iven  enerr,)'  region  ot' 

l.^(x)  shows  .1  large  po'itiie  t.iliie  ot'  • 'f'd  t lu'Se  values  agree  in 

sifn,  the  ,*'  (I)  mirO  he  i ne  re.i  si'd  in  th.it  I'erion  I'or  iiositive  (xl,  and 

t r ' ' o 

viee  vers.i.  In  some  eases,  uieh  .is  at  high  threshold  eiU't'gies  where  ^ j.  1 1 I 

obtained  from  a ealeul.it  ion  h.is  ol'ti'ii  heeii  t'ound  to  he  too  low,  the  SAM'  II 

eode  may  adjust  the  speetriim  in  ver>-  few  i t ei'.i  t I ons . Ihis  happens  when 

the  |x)  ari'  i>ror  ress  i vel  \ larger  in  magnitude  with  ineri'asinr  I (\)  of 
o ' ■ ■ ' ' ' t 

the  foil,  and  the  aetivations  R (x)  are  eonsistent  with  a smooth,  non- 

m 

ose  I Hating  solution  ;|t: ) in  t It  i s region.  In  t it  i s ease,  t hi'  SAM)  II 
solution  is  \alid  [the  eode  need  not  he  rerun  with  > .idiiisted]. 


Minimum  I'oil  Sot 


“.1  I'ahlo  1 lists  foils  that  have  boon  suoooss  fu  1 1 >■  usod.  A 1/v 

, 1 '.)T 

toil  is  roqiiirod  tor  the  low-onorgy  roi;ion. 


All,  oadmium  ooverod,  is 


suitjtosted  Kith  appro]'r  i ate  opicadmium  self-shielding  eorreetion.  Use 
“‘^'^11,  or  possibl>’  “'^‘'I’u,  in  as  the  "1:  = 10  ke\"  fission  foil,  along 

Kith  N['  (fj  = 0.5  Me\’l,  ' II  (eorreeted  for  ‘'‘‘’ll  im|>urit>'  Kith  the 

■“'’■^ll-foi  1 data!,  ''‘’in,  ' I'e  (n  , p 1 *Mn  , i ( n , p) '’"co  , “ *M;g  ( n , p ) “ *\a  , 

’ 1 00  80 
A.(n,il  Na , and  Zn(n,-n)  _r. 


8.  Ava  i 1 ah  i 1 i t > of  the  SA.NO  II  Code  and  f ross-Seet  ion  l.ihrar\- 

8.1  fhe  S\M1  II  jirogram  tape,  ineliiding  a large  catalog  ot‘  trial 
spectra,  is  available  from  RSIC.  Documentation  of  the  code  is  also 
ava i lable  at  RSIO  ( 1 ) . 


0.  fhe  SAND  I 1 Oross-Seet  ion  l.ibrar>' 

0.1  The  jii'esent  cross-sect  ion  librar>'  tape  contains  an  evaluated 
sel f-cons i stent  set  of  cross-sect  ion  data.  This  is  referred  to  as  the 
10~1  evaluated  cross-section  librarv  tape,  and  constitutes  part  of  this 
standard.  IVhen  this  tape,  or  an>’  other  fo  i 1 -act  i vat  ion  data,  becomes 
updated,  it  is  understood  that  these  ASTM  standard  methods  Kill  similarl>- 
require  iqulating. 

10.  I’recision 

10.1  Using  the  pi'escr  ipt  ions  outlined  above  and  in  the  three 
accompanying  A.8TM  Methods  ( li  \Xd,  I X\5,  and  V.  XXI  mentioned  in  -Sec.  1), 
both  a glory-hole  s]iect rum  and  a spectrum  at  50  cm  from  a UOUl VA-t>pe 
reactor  Kcre  measured  12,5)  b>-  two  different  c.xper  i ment  a 1 groups  in  an 
effort  at  evaluating  the  reprodiic  i b i 1 i t>'  of  the  method.  Using  different 
foil  packets,  but  the  same  t>'pes  of  thi'eshold  foils,  both  S|iectra  agreed 
ivithin  less  than  d percent  in  terms  of  the  hardness  parameter, 

Different  Ue(l.i)  gamma-ray  detectoi"^  were  used,  each  being  cross  cali- 
brated with  NBS  standard  gamma-ra>-  sources  having  a quoted  absolute 


accuracy  of  J pe  rc  cii  t . A standard  consisting  of  an  1 1 - 1 i ne  source  mix- 
ture \\as  used  at  tioth  1 aliorat  or  i es , indicating  the  precision  of  NhS 
standard-source  intensities  is  1 [lercent  for  tlie  11  lines.  Assuming  the 
presc  r i ]it  i ons  in  these  ASTM  standard  metiiods  are  carefully  followed,  a 
precision  of  10  |)orcent  should  he  easil>-  achievahle  in  pt'rcent 

highly  probable  with  adilitional  wt)rk  [such  as  checking  activation  ratios 
against  those  of  similai-  spectra  found  in  the  literature  (2)  to  help 
iliagnose  erratic  foil  activations]. 


1 1 . Accuracy 

11.1  1 he  accuracy  is  sji-'c  i i ed  here  in  terms  of  the  1-MeV  et{ui  valent 

flux,  it  , and  the  hardness  paramet.  r,  * /*.  It  was  determined  in  a study 
ei|  eq 

wherein  three  ilifferent  t>pes  of  reactor  spectra  were  me.isured  (2).  These 
spectra  were  found  to  belong  to  a parametric  set,  wherein  they  can  he 
apfirox  i mat  etl  by  ;i  tiOOfVA  spectrum  with  1/H  tail  fitted  accoialing  to  the 
degree  of  moderation  present  [see  .Sec.  (i.l.l,  selecting  T^^(f)].  The 
accuracy  evaluation  presented  here  is  limited  to  sjiectra  belonging  to  this 
set,  which  prob.ibl)-  covers  all  reactor  spectra  used  for  silicon  railiatiiu) 
damage  stiklies.  for  other  s|)ectra,  such  as  s]iectra  deep  in  a riMctor 
shield  or  wel 1 -moilerated  11-MeV  sources,  additional  studies  are  required. 

11.2  Comp^irison  With  Known  Spc^ctt\j 

11.2.1  Ihe  SAND  11  results,  as  obtained  with  f (f|  generated 

t r 

according  to  Sec.  (>.1.1,  agreei.1  with  calculated  values  of  T(1  I within 

better  than  .i  percent  in  calculations  were  verified  In 

accurate  t ime-of- f 1 ight  measurements  (21.  In  addition,  the  SAND  11 

unfolding  was  carrietl  out  using  the  calculated  as  the  trial  spectrum, 

i(i^  . In  this  case,  the  S,\ND  11  result  agreed  with  the  calculated  spectrum 

to  within  '1  iiercent  in  (J>  /if,  indicating  th.it  the  t hresho  1 d- fo  i 1 data 

eq 

were  consistent  with  the  calculation.  This  and  other  data  show  th.it  the 

accuracy  is  very  sensitive  to  the  choice  of  f (hi,  especial  1>'  for  li  1 Me\ 

, - - t r 

where  only  one  useful  threshold  exists  [’"  N]>(n,t)]  above  10  ke\  . 

11.2.2  It  is  not  possible  to  check  the  .iccuracv  of  if  against 
calculations  without  doing  more  ex.ict  ca Iculat ions . geomet r i ca 1 1 > , and 
more  absolute  flux  monitoring. 


I 1 . i^onsi  Livity  to  Unfold iny  Method 

ll.?;.l  \ reactor  speetnim  uas  unfolded  with  both  the  SAM)  II  and  the 

SI’UM'RA  [also  available  at  RS  If  (ll]  codes.  the  results  agreed  uithin 

J I'ercent  in  t /f , and  s percent  in  y , indicating  that  the  choice  of 
’ oi|  ' ei| 

coi.les  is  not  .1  niaior  factor.  Most  of  the  difference  came  fi'om  some 
spurious  stnicture  in  the  SlM-.f'l'UA  solution  that  is  relati\-el>'  sujipressed 
in  the  SAM)  II  method. 

11.1  Variotionjl  Studios  on  o (E)  and  R (x) 

X ni 

11.  1.1  The  SA.M)  11  unfolding  of  a f01HVA-t>'pe  spectrum  uas  carried 

out  In’  \ar\’ing  the  input  activations  of  individual  fo  i 1 s , K (\),  and  of 

pairs  of  foils  (J|.  This  simulates  a bodil\’  shift  (or  r(.-noi'ma  1 i c.’it  ion  I in 

the  c ross- sect  i on  curve,  ; lid.  The  I'esults  shoued  th.it  for  the  spectrum 

\ 

at  .AO  cm  t'rom  a (i0|)  I \A- 1 >pe  reactor,  uhich  uas  hi.s  cm  above  a concrite 

floor,  a variation  of  J.s  percent  in  the  activation  1.1  f an.v  oiii.'  fo  i 1 uith 

thi'eshoKl  belou  d Me\',  uhere  feu  thresholds  e\ist  , resulted  in  J percent 

incfi-'.ise  of  t /if.  for  foils  uith  thresholds  betueeii  J and  i'..s  Me\  , uhere 
eq 

the  iteutron  flux  is  high  aitd  man>'  thresholds  i-xii'T,  a d.->  percent  change  in 
• (Id  of  anv  single  foil  produced  a 1 percent  change  in  ; .*.  Above 

ti.A  Me\  , uhere  the  neutron  flux  is  verv  lou.  the  correspond  i ng  sensitivili 
was  0..A  percent  I'or  one  I'o  i 1 . With  tuo  values  of  '^(11  vatded  b>  .'.f  I'er- 
cent, ; ; changed  b\  a - much  as  1 percent  in  one  case  [ + d.A  percent  foi- 

“■'’‘Uln.fl  ,ind  -_'.A  percent  foi-  " ^lg(n.p']■  - pei'cent  in  anothei-  (+d.s 

^ > S ' I r ^ 

percent  t'or  both  11  ,md  " ''Ig  1 . \ total  of  nine  tells  u.is  used  [ \ i 1 n , p i , 

^1 

Mg  ( n , p I . “ I ( n , dn  ) , fe ( n , p ) , ' ' I'u  i n , t ) , 11 1 n , I . Ill  n , t I , 

1<1"  dx“  . -I 

All  ( n , I I , in  Td  , .uul  Nj'  I n , t I J . 

ll.l.d  fhe  variations  ' ; uere  appreciable  gre.iter  than  the  cor- 

■ ‘ 

responding  v.iriations  in  ; /t.  The'  vxi're  .‘d  • +ld  p-,  rcent  lor  the  I’u 

’AS 

toil,  d.”  percent  tc'r  II,  and  ■ 0 . n percent  tor  toils  uith  thresholds 
above  d Me\  . The  ‘'■^''ll  and  “'Mg  f o i I s produced  a d percent  increase  in  ; ^ 

uhen  both  were  raisee!  by  d.A  percent,  but  clvanged  onl;-  I'.A  j'ercent  uhen 

'AS  dl 

the  ll  activation  uas  increased  d.A  percent  and  the  Mg  toil  decre.ised 

' I ’ 1 

by  the  same  amount.  fhe  large  sensitivit'’  to  clianges  in  ' Tu  (or,  simil.irlv 

“''’■’ill  activation  (or  cross  sectioni  arises  from  this  bein.  the  t'oil  uith 


t!\o  greatest  sensitivit>’  to  neutrons  between  0.01-Me\  anJ  tlie  ().5-Me\ 
threslioKl  of  “'''Np.  I'ort  unat  e 1 , a eross-seet  ion  data  tor  fission  toils 
sueh  as  " I'li  and  ' II  are  aceiiratel>'  kiunoi,  and  a dS  ]iereont  uneertaint>' 

in  either  the  ei'oss  seetion,  or,  equivalently,  the  foil  count,  is  exeessivel)' 
large.  .Mso,  the  specific  activations  ai-e  eon  s i derah  1 >■  greater  than  for 
the  lUher  fission  foils,  and  are  thus  more  accuratel>’  determined. 

1 1 . Overfill  Accuracy  Assessment 

1 1 . ."i . 1 rhe  probable  aceur.ie''  in  ,*■  .and  : It,  .as  estimated  t rom 

eq  ei| 

the  three  contributing  factors  discussed  above,  is  l(i  percent  ti)r  reactor 
spectra  if  the  presc r i pt i ons  outlined  in  these  methods  are  carefull> 
followed.  An  ,iccutac>  of  .A  to  " percent  ma>'  be  achievable  with  added 
effort,  such  as  comi'aring  actiwition  I'atios  to  those  t'or  similai'  S|HVt  ra 
presented  in  the  literature  (dl  to  help  detect  erroneous  values, 

ll..s.d  Other  types  of  sjiectra,  such  as  ll-Me\  neutrons  with  consider- 
able moderation,  should,  be  capable  of  C((ua  1 or  better  accuracx’,  becausi.' 
fo  i 1 s with  many  threshold  values  1.^  are  available  that  cover  the  energ.v 
regions  of  high  flux  above  1 MeV.  However,  a coinjilete  assessment  should 
lie  made,  and  must  iticluvle  .accurate  calculations  ol  s]iectra  in  order  to 
provide  that  contains  all  the  physical  neut  ron-t  r.ansport  char.acter- 

istics  (i.e.,  ll-MeV  spike,  slowing-down  component.  I'esonance  "dips",  anvi 
a f i ss  ion-source  term  plus  l/l  fail  for  neut  ron-mu  1 1 i p I y i ng  mcilia). 


t 


I'ABl.l:  I Activation  loils  ! 1 . cm  diameter 


(Continued) 


Requires  separate  detector,  and  calibration  tcchnicpic  is  complex. 

= n.ni  MeV  with  ’'’B^.sphere  [important  for  soft  iTRICAj  spectra  where  1 ( li ) 
dominate].  When  -’■’-'’II  or  -'^i)pu  foil  i .s  I covered,  also  cover  and 

accurate  corrections  can  he  made  for  -•^-'’11  and  impurities  in  these 
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Standard  ^lothod  t'or 

IRkAm.VriNf,  A SIANDARl)  SHT  Ol- 
MdllRON  TlIRl.SnOl.n  ACTUATION  101  l,S 

1 . Scope 

1.1  Ihis  method  describes  a procedure  Tor  i I’rad  i at  i tig  a standard 
set  oT  threshold  activation  Toils  to  he  used  Tor  neutron  S|iectrum  unTold- 
ing  covered  in  ASIA!  ^lethod  T W I , ''Standard  Method  Tor  UnToKling  Neutron 
Sj'ectra."  It  i intended  to  be  used  in  conjunction  with  ASTM  Method 
I W.S,  "Measuring  toil  \cti\ities  Tor  Neutron  Sjiectrum  llnTolding,"  Tor 
liroviding  the  To  i 1 -ac  t i \ at  i on  data  used  as  input  to  tlie  SANO  II  neutron 
spectrum  unfolding  code. 

l.J  Ihis  method  presents  a st.mdard  set  oT  Toils  that  have  been 
used  at  many  facilities,  and  describes  the  T1  u.\ -un  i form  i t y , the  neutron 
self  shielding,  and  Tlu.\-de]iress  ion  corrections  that  need  to  be  considered 
in  choosing  the  To i 1 thickness,  the  covers,  and  the  locations  of  the 
t'o  i 1 s . 

1 . ,S  In  this  method,  considerations  that  a]t|'ly  rather  generall)'  to 
neutron-activation  detectors  are  discussed  in  ASTM  Method  T,  dbl,  "Measur- 
ing Neutron  Tlu.\  by  Radioactivation  Techn  iv|ues  . " 

1.1  Background  int'ormation  on  the  detailed  methods  Tor  individual 
threshold  Toil  detector*^  of  i%idest  use  is  given  in  the  To  llovving  .ASTM 
Methods . 

T;  d()d  Measuring  Thermal  Neutron  Tlu.x  b_v  Radioactivation 

Techn i ques 

T,  J(i.S  Measuring  last-Neutron  llu.\  by  Radioactivation  of 

I roll 

I,  J(>t  Measuring  1 .is  t -.Neut  ron  Tlu.v  b>  Radioactivation  of 

Ni  kel 

I,  d().N  Measuring  Tast-Neiition  llu.x  bv  Rad  i oac  t i vat  i on  of 

Sul  fur 

I d(i()  \Ieasuring  Ta-^t -Neut  ron  Tlux  by  Rad  i oac  t i v;i  t i on  of 

A 1 urn i num 


1.  ,'^l.s 


1, 


I 11‘.) 


last  Neutron  1 lu\  li>'  Analssis  of  Mo  1 s'lHlenuiii-'.U) 
\etlvit>'  I'rom  llran  i urn- JaS  fission 

Measuring;  last -Neutron  flux  I'or  Anal)  sis  for 
Barium-Ill)  rroJueei.1  l>>'  Draii  i um-2A.S 

SeU'etion  of  Neutron  Aetivation  Deteetor  Matei'ials. 


J.  Api'aratus 


J.  1 I’reeision  halanee  |0.1  mt;  aeeurae)). 

2.2  tlaJmiuin  eovers  (O.l'a  to  1 nim  thick). 

One-half  inch  i.d.  aluminum  "eup"  uith  o.)ver  for 
(as  iril  A.'ONIi , ) . 


■A.  fhreshoUl  Act  iv.it  ion  fdils 
,A.  1 Rodumi^incij 

.d  1 . 1 fhe  set  ol'  t'o  i 1 s listed  in  lahle  1 is  part  of  the  self- 

eonsistent  sot  that  resides  in  the  S.A.Nl)  11  eross-seet  ion  lihrar)'.  These 

foils  were  selected  in  an  experimental  evaluation  proitram  (1!  in  uhich 

tliree  different  "knoivn"  s[)ecfr.i  ui-re  com[>art.x)  to  eorrespojui  i Ji);  tlii'eshold- 

f o i 1 spec  t I’omet  r\'  measurements  unt’oldeil  uith  the  SANl'  11  coile.  fhis  set 

contains  tv\o  redundant  1,’v  foils  [all  three  should  be  exposed,  counted, 

and  input  to  .SANl)  II  for  a first-jiass  ( Af.  1 I VA'f  I ON ) run  to  select  the 

J.AA  d.AO 

averav’.e  one],  and  a redundant  f^  = 0 fission  foil;  “'‘11  and  ' I’u  have 

ver\'  similar  c ross-sec  t i on  shapes.  fhe  ' I)  toil  presents  much  less  ol 

'’A')  . . 

a s.ifety  haiaial  than  “‘‘ru,  ami  is  cheajier.  It  is  ver\'  usetul,  when 

measurinjt  soft  I'l'RK'.A)  spectra,  in  determining;  the  correction  for  the 

impurity  in  the  foil  (readil)'  available  uith  'vlOD  pjim  II 

impurity).  Although  the  ' “S  foil  is  uidel)'  used  as  a monitor  toil,  it 

is  not  part  of  the  set  because  it  requires  .an  entire  I)'  different  counter 

(for  betas)  and  an  involved  calibration  technique.  It  has  about  the  same 

s s s 

threshold  as  the  N i 1 n , pi ) ' ' tlo  foil  reaction,  and  should  onl\'  be  used  when 

the  A [the  SANl'  II  activation  "error"  as  calculated  for  f (f.)  as  iiqnit: 
o t 1 

see  XSi'Vl  Method  f WlJ  of  the  two  are  within  a feu  percent  ( A percent) 
of  each  other;  otherwise,  SAND  II  ma>'  he  driven  to  man.v  iterations  in 


i 


! 


.SJ 
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to  find  a solution  4i(l.)  that  is  coiiipat  i 1 o with  lioth  activations. 

This  usuall)'  leads  to  an  unaccept  ah  I o solution. 

,^.2  Foil  Impuri  tics 

.1.2.1  foil  impurities  are  especial  1>-  serious  for  a moderated  source 

(Tim;.\  reactor)  when  the  iiii|iurity  leads  to  the  same  reaction  |)roduct  by 

wa>  ol'  thermal-neutron  cajiture.  .Some  of  these  foils  f imjiur  i t ies  I are 

|“'^'^U),  ~'M  I “'^Na ) , ‘^*’l'e  (''’''’Mii).  for  a soft  spectrum,  such  as  the 

I'RKi.A  .1-tube  s])ectrum  iboral  shielded),  the  “'^'^11  fissions  (Cd  covered) 

23S  . 2.iK 

were  '100  times  ;yreater  than  the  ' II;  therefore,  the  ""  II  must  have  no 

more  than  "vdOO  ppm  of  “'^''ll  to  reduce  the  error  to  2 jiercent . Higher 

im]nirities  can  be  tolerated  for  ('.00 1 \ .A-t ype  reactors  where  the  low-energy 

■’AS 

flux  is  much  less  intense,  or  with  TRI  (I.A-tyiie  reactors  it  the  H toil 

2 AS 

data  are  used  for  correcting  the  1)  activit)'.  In  this  case,  tlie  pei'cent 
"■'’■’ll  in  "■’’'’ll  must  be  accur.itel>'  known.  for  the  '’*’fel  n , p ) '’*’Mn  reaction, 
the  '’'’Mii  im]Hirit>-  must  lie  no  more  than  10  ]i]im  (with  Cd  cover)  for  use  with 
a TRlCi.A  spectrum,  and  1 00  i>pm  at  .AO  cm  from  a C.0ni\'A-t\iie  reactor  ('vd  meters 
off  the  concrete  floor)  for  l2  jiercent  background  from  the  ‘’"’Mn  ( n , , ) ‘’*’f  e 
reaction.  Similarl>,  a manganese  foil  (Cd  covered)  can  be  used  to  correct 
the  '’*’fe  data  if  the  imjiurity  correction  is  small  (<20  jiei'cent  of  total 
n,p  activation)  and  the  jiei'cent  Mn  in  fe  is  accuratel)'  known. 

A.. A The  Influence  of  Nucleur  Data  on  the  Selection  of  Foils 
A. A. I Since  the  total  number  of  interactions  must  be  deduced  from 
the  absolute  gamma-ra\’  count  with  good  accurac)'  ( sa>'  A jiercent  jier  foil), 
the  foils  selected  r.  ist  have  gamma-ray  yields  known  to  a similar  accurac.v 
or  better.  fhese  correct  ions  include  comers  uin-elect  ron  jiroduction, 
br. inching  ratio  to  a given  energ)'  level,  and  fission  vield. 

A.  A. 2 The  lAi'A-ke\'  gamma-ra,v  line  from  ' **  fa  jirodiu.ed  in  "■’"Th 

J 3 J 

fission  is  not  uset'ul  because  of  interference  from  ' "Th  radioactivity. 

This  has  often  led  to  the  use  of  the  AA7-keV  line  from  the  ' '*'iia  jirecursor 
of  *'''l,a,  which  is  listed  in  the  Table  of  Isotojies  (2)  as  having  an 
intensity  of  O.AI  gamma  jier  '"'ha  decay.  .A  recent  evaluati  I A)  has 
shown  this  to  lie  2A."  jiercent,  which  is  in  much  closer  agix'iment  with 

■>  - r 

some  work  of  Ref.  1.  in  which  "''’ll  fission  yields  were  com,  ..red  by  way 


.HA 


I 


ot'  t\'ui‘  f i ss  ion-produ^'t  gamma  ras  s (lai)3  kcV  t'oi’  La,  537  kc'V  far 

110  . . 13d 

Ha,  ~43  ke\  tor  7r,  and  OOS  ke\'  tor  1). 

3.3.3  The  cl'.o  1 CO  t)f  gamma-i'ay  lino  thus  directly  inl'luoncos  the 

accurac)'  of  dotormining  the  specific  activity  produced  during  the  neutron 

i I'rad  ia  t i on . It  also  influences  the  final  choice  of  foil  thickness,  i ti 

that  tfie  selection  of  a low-energ>'  gamina-ra>’  line  may  lead  to  a large 

J3J 

gamma-ray  se  1 f-alisorpt  ion  correction  in  counting.  lor  exam]ile,  the  “Th 
foil  of  I'ahle  I has  a maximum  attenuation  of  dd  percent,  or  an  average 
correction  of  'll  percent,  for  the  33“-keV  line.  This  represents  an  ui)])er 
limit  for  foil  thickness.  Thus,  the  gamma  scattering,  as  well  as  the 
neutron  self  shielding  discussed  helou,  will  influence  tlie  foil  selection. 
3 . I Foil  Enc<}psul^tion 

3.1.1  All  fission  foils  should  be  encapsulated  in  a hermet i ca 1 1 >■ 

sealed  container  to  avoid  oxidation  and  loss  of  materials,  and  for  liealth- 

d3<)  , , . 

hazard  requirements.  The  ' I’u  foil,  it  used  instead  ot  the  much  safer 
“■'’'’ll  foil,  will  require  special  encapsulation  and  |ieriodic  wipes  to  clieck 
for  leakage  of  the  material.  Cop]ier  encajisulat  ion  has  been  found  satis- 
factor>’  for  “'’'’ll,  “'"’''’ll,  Np,  and  “'’“Th  foils.  It  is  made  -cO.  1 to  O.d.3 
mm  thick  at  the  flat  surfaces  and  is  solilered  at  t lie  periplu-r>’. 

3.3  Foil  Diamc'ter 

3.3.1  All  foils  are  to  lie  1 . d“  cm  (0.3  inchl  in  diameter  to  simplify 
foil-size  effects  in  ca  1 i I’rat  i ng  against  jioint  gamma-source  standards 
(see  AS  I'M  Method  I XX3). 


1.  Irradiation  Procedures 


1.1  Foil  Covors 

1.1.1  Tadm.um  covers  of  0.1  cm  thickness  arc  prescril'ed  for  all 
fission  foils  and  1/v  detectors,  and  for  detectors  such  as  “'"’‘^ll,  '*Te, 
*’*'n1,  and  “ A>,,  where  traces  of  im]nirities  (“'’'’ll,  '’'’Mn,  *’**To,  and  “'’Xal 
that  s'ield  the  same  reaction  ]iroduct  via  therma  1 -neut  ron  c,i]iture  can  lead 
to  unmanageah I >■  large  corrections.  When  these  corrections  are  gi'cater 
than  3 percent,  the  irratliation  should  include  cadmium-covered  foils  made 
of  these  impurities  (“'"’''^11,  '’''Mn,  *’**To,  “'’\a , etc.l.  The  coi'rections  can 
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tlu'ii  he  iiKulc  uit)i  j^ood  aeeurae>’  if  the  pei'Cent  ini]iurit>'  iu  the  foil  is 
accurately  knov^ii.  If  not,  a t henna  1 -neut  ron  act  i vat  ion-ana  1 >s  i s type 
of  irradiation  will  be  required.  Cadmium  foils  arc  not  needed  in  the  glorv 
hole  of  a fast-burst  reactor  with  little  or  no  moderator  material  (<0.5  g, 
sa\’l  near  or  inside  the  c,avit>'. 

1.1.  J Covers  of  * are  useful  on  fission  foils  for  the  case  oi' 
measuring  a soft  TRIC.-X  spectrum,  especially  if  a boral  shield  is  used  to 
surrouni.1  the  irradiation  cavit>’.  If  the  boral  shield  is  a gooii  shield, 
and  if  a negligible  amount  of  moderator  is  contained  within  the  shield, 
the  boral  shielding  can  be  jiroperly  accounted  for  b>-  the  S.V.NO  II  unfolding 
code.  In  this  case,  the  cover  is  not  as  important.  I'he  boral  thick- 
ness is  entered  for  each  and  every  foil,  and  a 1/h  spectrum  is  entered 
down  to  .5  10  MeV,  the  cadmium  cutoff  energ>',  or  lower.  If  no 

cover  is  used,  and  if  the  cavity  is  onl>'  partial  1\-  shielded,  it  will  be 
difficult  to  predict  the  neutron  spectrum  from  10  MeV  down  to  'v.S  x 10 
Me\  , where  the  cadmium  covers  become  effective.  In  this  ctise,  it  is 
important  to  jilace  all  the  1/v  foils,  the  foils  with  important  1/v  impur- 
ities (see  tibove).  and  all  fission  foils  in  a boral  "box"  or  a cover, 
for  best  results,  a **'b  cover  of  1 to  1.8  g/cm“  of  (0.5  (lercent  1 is 

used.  This  cover  tliickness  is  then  in|Hit  to  S.\.\0  11.  In  this  wa\\  the 
fraction  of  activations  arising  from  .5  x 10  ' Me\'  to  10  “ MeV  neutrons 
will  be  both  greatly  reduced  and  more  accuratcl)'  calculated  for  the  S..\N1'  II 
unfolding  process.  The  known  s]iectrum  outside  the  boral  (a  1/f  s])cctruml 
is  used  down  to  .5  x 10  MeV  or  lower. 

1 . 1 . .1  The  ^''b  covers  ma>  be  replaced  b>-  cadmium  covers  for  uji  to 
one  meter  from  a ('.0111  \ A-t  >i)e  i-eactor  that  is  a few  meters  above  the  con- 
crete floor,  or  for  the  glory  hole  where  no  low-energ_v  neutrons  are  found, 
and  where  the  '"b  covers  general  1>-  cannot  be  jilaced  in  any  case.  If  the 
covers  are  used  with  a directional  source,  such  as  outside  the  OOOIX'A 
reactor,  the  fission-foil  activation  will  require  ;i  correction  for  scatter- 
ing by  ^"b.  The  correction  can  either  be  done  e.\]H'r  i ment  a 1 ' . with  pure 

f i n i t e- 1 hresho  1 d fission  foils  (“'  .\'p  or  Th  ) that  coiUjik  negligible 
zero- thresho Id  impurities  which  yield  the  same  gamma-ray  1 s,  or  with  a 
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soph  i t i cat  Oil  calculation  that  woii;hts  each  i nscat  ter  i iij;  h>’  the  track 

length  through  the  material.  These  correct  ions  ai-e  the  order  of  10  jier- 

’ 1 0 

cent  lor  a 1 . o3  g/ cm  11  covi'r  and  a thin  1 , i nch-d  iamet  er  tission 


fo  i 1 I 1 1 . 

l.J  Foil  I ntorforonccs 

■»  - r 

l.J.l  A strong  resonance  absorber  such  as  a thick  “'’ll  foil  cannot 
be  placed  in  front  of  a 1/v  absoi-ber,  and  thick  fo  i 1 s with  their  covers 
should  not  be  stacked  so  as  to  result  in  ,i  large  and  unmanageable  seatter- 
ing  correction.  For  isotropic  flu,\,  the  interfering  foils  should  not 
scatter  more  than  about  10  percent  of  the  flu.x,  as  given  b>'  the  simple 
hand  calculation; 


(It 


where  ''^1  is  the  sum  of  the  products  of  the  macroscopic  tot.il  cross  sec- 


tions and  thicknesses 
deepest  foi 1 , i . e. , 


for  those  foils  that  are  stacked  in  front  of  the 


‘l 


For  a beam  geometr>’,  the  co rrespond i ng  "interference"  should  be  no  more 
than  'vl  percent  because  of  the  more  comple.x  scattering  correction. 

1.2.1  Foil  Self  Shielding 

■4.2.  1.1  The  correction  for  self  shielding  is  appreciable  onl.v  for 
the  0. 002.S-cm- 1 h i ck  gold  foil  (with  its  highly  absoi'bing  resonance  .it 
a e\'l  , being  .about  a factor  of  two  for  epicadmium  neutrons  ( S , o ) . The 
effect  on  the  unfolded  spectrum,  ;(F.I,  of  warying  the  gold-foil  activa- 
tion by  a factor  of  two  was  mostlv  local,  ,a]ipearing  as  a dip  or  bumii  at 
the  5-eV  resonance,  and  changing  I’y  only  1 percent. 

4 . .A  Flux  Uniformity 

4..A.1  If  the  foils  cannot  all  be  located  in  the  same  region,  or 
in  a region  of  uniform  flux  (as  determined  from  symmetry  considerations!, 
they  can  be  si'read  out  over  a larger  volume  of  v;ir>  ing  flu.x  but  of 
const. ant  neutron-spectrum  shape.  If  the  flu\  varies  b\'  more  than  .A  percent 
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from  point  to  ]>oinl,  t'liix  monitors  slioiiUl  lie  iisoi.t  at  t lio  various  casos. 
\rouiul  a (ion  I \ \- 1 >j'o  rcavtor,  tliivk  sull'ur  t'o  i 1 s van  be  lovatoil  noar 
individual  t'oils.  Uliero  s|'avo  is  moro  liiiiited,  thin  nickel  [‘"’''’n  i ( n , p) ‘’''’(io] 
iron  ['  le(n,pl'  'In],  or  even  aluminum  ['  A.(n,  |~  Na],  monitors  can  be 

used;  considerations  discussed  in  AS'IM  Method  1 _’()!  ap]il_v. 

1. 1 Flux  Dev! ossion 

1.1.1  \t  low  encri;ies,  I'lux  depression  is  iniport.ant  for  b.ai'e 

t hernia  1 -neut  I'on  detectors  near  c.ulm  i um-covered  discs,  it'  both  are  emhedded 
in  a moderator.  ,\t  h i ph  energies,  it  is  imjioi'tant  for  the  same  situation 
if  the  modei'ator  contains  reactor  fuel.  However,  in  sizeable  cavities 
uscil  foi'  raili.'ition  ^lamape  studiv's,  the  cadmium  covers,  as  well  as  the  foils 
general  Iv  subtend  .i  neplipiblv  small  solid  angle  at  the  point  of  an>’  sur- 
rounding model’. itor  or  I'uel.  lor  a (lOHIVA  reactor  glor>  hole,  the  f o i 1 - 
i nt  er  I'erence  cons  iderat  ions  discussed  in  Sec.  l.J  will  completelv  dominate. 

.A.  foil  Weighing 

.'.1  \11  t’oils  shouUl  be  weighed  with  a (>.l-mg  precision  hahince  tliat 

is  checked  .i;.;,iinst  known  weights  over  the  rtinge  ot'  the  I'oil  masses.  The 
encapsii  1 .1 1 ed  f o i 1 s are,  of  coiirsi',  caret’iill)  weighed  bet'ore  enc;i]isu  1 a t i on  , 


o , Pur  1 1 >■  t'ert  i f i cat  i on 

(>,1  I'he  foil  purit'.  ,inal>sis  results  must  be  kejit  on  ]ierm;inent  record 
for  use  in  making  I’oil  impuritv  corrections.  These  iminirities  must  be 
known  1 an  .accuracy  dict.ited  bv  the  m.ignitude  of  tlie  correction,  which, 
in  turn,  will  dejiend  on  the  kind  of  neutron  s|iectrum  being  measured  (see 
Sec.  .S.d).  It’,  I’or  e.'v.imple,  the  [lercentage  impurit.v  ( s,i>  400  |ipm 
in  “’'''ll)  is  known  to  an  accurac>  ol’  lO  |iercent  in  a foil,  and  the  separate 
imjiiirit.v  foil  (“’'’’ll)  is  irradiated  the  same  way  ,is  the  other,  then  the 
impurit.v  et’fect  can  be  reduced  to  I (1  ]iercent  of  its  stated  value  (10  p]nii 
■■’'‘’u  in  ’■’'''ll.  I’oi’  this  examplel  bv  c;i  1 cu  1 a t i tig  the  correction.  In  this 
c.ise,  u|i  to  d(i00  ppm  of  “’^’'’ll  im|iurit.v  could  be  toler.ited  for  a TRItlA 
spec  t rum  ( see  Sec . . d ) . 


! 
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~.l  loi!  i\oit;hini;,  neutron  self  shiohling,  and  flux  unil'onnit>' 
int’liionoo  the  prooisiun  of  ttiose  aspoet  s of  the  flu.x  nioasuroiiicMn  to  wliieh 
this  inothod  is  addi'ossod.  An  estimated  value  of  A pereeiit  is  suggested 
as  the  effects  of  these  coi'rect  ions  oti  the  measurement  of  s]iecific 
activities,  assuming  ttie  scattering  of  tlie  stack  is  ki'pt  to  less  than  10 
percent  t'or  an  isotropic  flux,  and  to  less  tlvan  1 jiei'cent  foi'  a directed 
t'lux.  Assuming  no  tliick  ' *'b  covers  are  useil  in  the  d i rect  ed- f I ux  case, 
and  secondary  monitors  such  as  tiiin  i 1 n , pr’''^Co  re;iction  foils  are  used 
v\hen  the  foils  are  widelv  distrilnited  in  s]iace,  these  f.ictors  will  ha\f 
onl\  aliout  a 1 percent  effect  on  li 

eq 

S.  Accurac)' 

S.l  Ihe  factors  that  aft'ect  t lie  precision  (see  Sec,  "I  will  directl>' 
impact  the  accuraci'.  In  addition,  the  selection  ot’  the  f o i I s and  the 
gamma-ra>'  line  to  he  measured  for  each  foil  iiiijiact  the  accurac>'  hv  wav 
of  the  uncert a i nt i es  in  gamma-ra>  intensiti  ( gamma/ react i on ) and  fission 
yield.  These  iiuiA^Tie  as  large  as  10  percent  in  individual  cases,  hut  should, 
on  the  average,  contribute  no  more  than  a jiercent  to  the  uncertainty  in  the 
specific  activations.  Assuming  a reasonable  amount  ot'  foil-to-foil  random- 
ness in  this  error,  the  contribution  to  the  uncertainty  of  sjiecifving 

T is  estimated  to  be  no  more  than  2 to  .S  percent, 
eq 
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Pos  i gnat  i on  ; 1^  XX o 

Standard  Met  lu>d  for 

Mi.AsiiRi.xt;  foil.  .xcTif  rrifs 

1 . SeojH' 

1.1  Th  i method  describes  a standard  jirocedure  for  measui’ing  the 
absolute  gaimna-ra\'  emission  I’ate  from  a standard  set  of  neut  roti  threshold- 
activation  foils  used  in  S[iectrum  measurements,  and  for  calculating  the 
s['ecific  activit)'  of  the  foil  from  the  gamma-ra>'  data. 

I.  I.  I file  measuring  procedure  takes  into  account  corrections  for 
finite  fo i 1 size  and  thickness  in  detector  calibration,  count  rate  and 
pu 1 se-p i 1 eu]i  losses,  and  background  measurement s for  complex  decav  schemes 
such  as  exist  in  some  f i ss i on- fo i 1 1 i tu  s . 

1.1. d The  data  pi'ocessing  takes  into  account  complex  background  sub- 
traction for  f i ss  ion- I'o  i 1 lines,  corrections  for  irradiation,  wait  and 
count  times,  and  corrections  for  gamma-niy  blanching  ratios,  coinersion 
electrons,  t'ission  I'ields,  and  gamma-ra>-  self  absorption  in  the  f o i 1 s . 

l.J  I'his  method  is  intended  to  be  used  in  conjunction  v%  i t h AS  IM 
Mi'thod  f.  XXd,  "Irradiating  a Standard  Set  of  .Xeut  ron  Tlii’eshold  Activation 
foils,"  for  providing  the  foil-activation  iipnit  data  that  are  required  in 
unfolding  neutron  spectra,  as  described  in  AS  I'M  .^let  hod  I,  XXI,  "Unfolding 
Neutron  Spectra."  I'his  method  is  p.irt  of  the  set  ot'  dr.ift  standards  uiiicli 
include  ASTM  Mc-thod  f XX),  "f  ha  ract  er  i z i ng  Neutron  Sjiectra  in  I'erms  of 
l-.'’leV  fquii'.alent  1 luence  for  K.id  i :i  t i on  Uamage  in  Silicon,"  -uul  ASIA!  Method 
I \X,S,  ".'•leasur  i ng  the  Relatiie  1-MeV  S i 1 i con-fiiu  i va  1 ent  flueiice  with  fast 
Neutron  Monitors." 

1 . is  In  this  method,  considerations  that  ajipli'  rather  generall>'  to 
neutron-activation  ilctectors  are  discussed  in  AS  I'M  Method  f Ji'l,  "Measur- 
ing Neutron  flux  by  Radioactivation  rechn i ques , " while  background  informa- 
tion on  the  detailed  methods  for  the  individual  t hresliol  d - fo  i 1 detectors 
of  widest  use  is  given  in  the  following  ASTM  Methods. 
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I:  J()J  McUsurm;’,  llioi'inal  Neutron  1 lux  h>'  Kad  i oaet  i vat  ion 
I'eejlin  i ques 

I 

li  J()3  Mo^sur  in^  l ast-Noutron  I lux  hy  Rad  i oaet  i vat  i on  of 
1 nni 

i;  2()4  Mcasurini;  last-.Ncutron  Ilux  by  Rad  i oaet  i \ at  ion  of 

Niekel 

1:  d(>5  Measuring  last-Noutron  Ilux  b>’  Rad  i oaet  i vat  i on  of 
Sul  fur 

b 2bb  Measuring  I ast -Neut run  I'lux  by  Rad ioaet i vat  ion  of 
Aluminuiii 

I:  S4S  I'ast -Neut  roll  Ilux  !'>’  Analysis  of  Mo  1>  bdenum-')'.) 

Activit)-  from  -•'’'"'ll 

H lit)  Seleetion  of  Neutron  Aetivation  I'eteetor  'laterials. 


J.  Apparatus 

2.1  Ge(Li)  or  Intrinsic  Gorrrunium  Gcjrrma-Ray  Dotoctor 

2.1.1  10  pereent  or  greater  photopeak  effieiene)'  for  referred 

to  a ,4  ineh  b>'  .4  ineh  |~.(>2  emi  diameter  N;il(fv)  deteetor,  both  at  24  em 
from  souree.  .Mu  1 1 i ehanne  1 anal\:er,  about  4000  ehannels  total,  100  mill 
or  faster,  2 to  2.4  keV  resolution.  I’reeision  tail-pulser,  'vpo  cps , 
with  inputs  to  gamma-ra>’  deteetor  preamplifier  and  to  scaler. 

2.2  Foil  and  Source  Holders 

2.2.1  for  aecurately  positioning  (and  measuring)  the  center  of 
each  foil,  and  the  center  of  the  gamma-ra\'  standard.  Required  precision 

is  v().2  mm  or  better  in  distance  from  face  of  detector,  and  0.4  mm  or 

« 

better  in  lateral  alignment.  The  apparatus  must  have  provision  for  insert 
ing  a 1 . 27-cm-thick  lead  shield  (see  Sec.  2.4). 

2.4  Lead  Slab 

2.4.1  .A  lead  slab  1.27  cm  thick,  jios  i t ionab  1 e against  fic(l.i)  or 
intrinsic  germanium  cryostat  (flat  face). 

2.4  NBS  11-Line  Gamma-Ray  Standard 

2.4.1  A NBS  11- line  gamma-ra\’  standard,  less  than  one  year  old. 
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Uotector  ibrat  ion 
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0.1  The  detector  must  he  calibrated  to  j;ive  the  correct  efficiency 
for  yamina  rays  emitted  from  a 1 . 2''-cm-d  i ameter  source,  using  a smaller 
diameter  source  as  a standard.  This  is  accomplished  b,v  measuring  the 
count  rate  under  each  peak  of  tlie  standard,  first  near  the  face  of  the 
detector  cryostat,  and  tiien  10  cm  farthei'  back. 

,^.2  I'ii  i s measurement  is  made  at  both  places  with  the  11-line  MkS 
gamma-ra>’  source.  This  gives  the  efficiency  e ( ,\ ) at  some  unknown  distance 
\ from  tile  effective  center  of  the  detector,  and  c(10  + x|  at  10  cm  + x. 

|.\t  10  cm,  the  1 . 2~-cm-d i ameter  foil  size  leads  to  a correction  of  -2  per- 
cent, as  compared  to  the  source  wliich  is  vO.5  cm  diameter.)  Plot  the 
efficienc)'  at  each  position  on  log-log  jilotting  pa]ier  and  read  off  the 

efficiency  at  each  position  for  an  energ>’  b corresponding  to  one  of  the 
iu~  108  ^ 

hottest  foils,  sa.v  ' Auin,  I ' Au  (112  keV),  and  calculate  the  ratio 

R , = .(x)/-  (10+x'i.  Repeat  the  measurement  at  both  positions  with  the 
ca  1 ' 

gold  foil  and  get  R , Multiple  the  • (x)  b\'  R , ,/R  , to  get  the 

‘ ■ gold  ' ' ■ gold  cal 

correct  efficienc>  for  a I . 2~-cm-d  i amet  e r foil  at  x.  Repeat  the  pi'oce- 
durc  for  one  or  two  higiier  gamma-rac  energies  w i t )i  aiiotlier  hot  f o i 1 (sav 

with  gamma-ra>’  lines  at  8 1”  and  1881  ke\).  Now  slide  the  ■ I X)  curie, 
as  measured  w i t li  tlie  11-line  standaial,  to  jiass  through  these  three  cor- 
rected points.  This  represents  the  ]irojier  efficienc)’  curve  for  a l.27-cm- 
diameter  foil  at  the  distance  x from  detector  ''center.” 

.8.8  Prom  count -rate  measurements  at  x and  lO+x,  it  was  found  that 
tlie  effective  center  of  ;i  particular  18  percent  Ge(l,il  gamma-ray  detector 
(I)  is  2. I cm  from  the  front  face  of  the  cryostat.  Thus,  the  center  of 
the  standard  source  and  of  all  the  foils  (the  center  being  at  half  the 
foil  thickness)  must  be  located  to  within  0.2  mm  to  keeji  tiie  positioning 
uncertaint)’  down  to  2". 

8.4  Ihe  above  same  calibration  must  be  repeated  for  the  Np  source 
behind  the  I.27-cm  lead  shield. 

8.. 8 .A  sim[iler  approach  can  be  used  if  the  true  axis  of  the  detector 
is  located.  A careful  measurement  and  x-y  plot  of  count  rate  versus 
jiosition  at  the  cr>ostat  face  will  accom|ilish  this.  Ihe  point  source  is 


then  ,sinipl>  moved  off  axis,  0.7  of  the  wa\-  to  the  periphery  of  the  !.J'- 
em-d  iameter  foil.  The  efficiency  measured  here  is  apj’rox  i mat  e 1 y t lie  area- 
Kcijthted  cfficienc)'  over  the  1 . 27-cm-d  i ameter  foil. 

■).  Countint;  Procedure  and  Area  Anal>sis 

1.1  Set  the  amplifier  j;ain  so  that  2 ,Mc\'  corresponds  to  1000  channels 
on  the  analyzer,  and  the  1-MeV  jiolnt  at  about  2000  channels  so  that  the 
zero-channel  offset  is  small.  Set  the  jirecision  pulser  so  that  it  falls 
at  "vLO  to  1.95  Me\  , well  above  the  '^*’Mii  1811-kc\'  line.  Place  the  foil 
in  the  counting  position.  Run  the  analyzer  on  clock  time  with  the  pulser 
running.  I'he  ratio  of  the  pulser  events  apiiearing  in  the  peak  at  '4.9  to 
1.95  MeV  to  the  pulses  generated  gives  the  correction  for  the  combination 
of  analyzer  deadtime  and  jiu  1 se-p i 1 eu]i  losses  from  the  peak.  The  anal>zer 
can  be  run  on  live  time  instead,  but  in  this  case  the  true  clock  time  must 
be  measured.  M ternat i ve 1 , the  pulser  events  can  be  counted  with  a sealer, 
care  being  taken  that  the  analyzer  and  scaler  are  turned  on  and  off  together. 

1.2  The  [leak  ana  1>  sis  routine  must  be  the  same  for  pulses  from  the 

jnilser  as  for  those  from  botii  calibration  and  foil  events.  In  one  method, 
the  counts  ai-e  plotted  for  the  peak  and  the  nearin'  region  l-v-s  keV  or  more 
on  each  side).  B>'  fitting  a straight  line  through  the  baseline,  the  base- 
line are.'i  can  be  subtracted  from  tbe  ]ieak  area.  In  coimting  fission  foils, 
the  peak  shape  must  be  examined  careful  1\'  for  the  j'^resence  of  ,i  ver>'  close 
neighboring  peak,  in  which  case  peak-shape  analvsis  must  be  useil.  The 
counting  statistics  must  be  ver_\'  good  for  tbe  peak-sha]H'  analysis  to  be 
accurate.  The  analysis  can  either  be  done  by  band,  or  with  the  S.VMPO 
code  l2l.  The  analyzer  should  be  run,  whenever  possible,  until  the  ]H'ak 

area  is  10,0('0  counts  or  greater. 

5.  Backgrounds 

5.1  Room  Background 

5.1.1  This  must  be  kejit  to  a minimum  by  selecting  a low-background 

counting  are.a,  stacking  .'i  lead  sbield  of  at  least  5-cm  thickness  around 

the  detector,  and  moving  away  all  sources  not  being  counted.  A room- 

background  run  is  taken  and  is  definitely  required  for  long  (overnight  1 

90  89 

counts,  such  as  for  the  ' 2r(n,2n)  '2r  reaction,  which  has  a threshold 


oiK'i\>;>  1^  at  about  1)  Mo\  , and  cons(.H|uont  1 >' , a low  spool  fii:  aotivity,  or 
t'oi-  ^ i ( 11 , ]i ) *■ ''(!o , whoro  tho  ha  1 1'- I i t'o  is  ver>’  long. 

5.d  I'ission-Foi  1 li.icki-irounJ 

5.2.1  1- i ss  i on- t'o i 1 b.iokgrounds  must  ho  oarol"ull  \ mo.asurod  booauso 

tho  foils  aro  radioaotivo  with  a vor>'  complo.x  gamma-ray  omission  s|)ootrum, 
and  booauso  tho\'  aro  rousod  duo  to  tiioir  high  roi'laoomont  oust.  If  thoy 
had  boon  irradiatod  within  sovoi-al  half-iivos  boforo  tho  noxt  plannod 
ii'radiation  (of  at  loast  tho  samo  or  highor  fluonoo),  tho  baokground 
should  bo  mcasurod  moro  than  onoo  to  soparato  out  the  normal  lino  [55“, 

"4.5,  or  1.59.5  koV  (soo  Tablo  1)],  with  rolativol)'  short  half-lifo,  from 
an>’  long-1  ivod  rad  i oaot  i v i t>'  oontribution  duo  to  natural  rad  i oaot  i v i t >' 

(or  to  other  fission  fragments).  Tho  baokground  peak  area  that  will  still 
bo  [irosont  during  tho  counting  time  after  tho  noxt  irradiation  is  then 
calculated  b>'  adding  tho  t imo-do|'ondont  ai'oa  of  tho  gamma-ra>'  lino  with 
known  half-lifo  to  that  of  tho  stoad>-stato  component. 

(i.  Data  .\nal\sis 

0.1  Correct  tho  ]ioak  areas  for  analx’tor  doadtimo  losses  ,ind  pulso- 
piloup  losses  b>’  multiplying  tho  area  by  tho  ratio  of  tho  numlu-r  ot'  jiro- 
cision  pulses  goncratod  during  tho  counting  period  to  tho  numboi-  found  in 
tho  pulsor  (leak  at  'I'l.D  MoV.  bivido  bv  detector  efficiency  , gamma-ray 
intensity  ( gamma/ react i on , Table  1|,  and  fission  yield  ( t'or  fission  foils). 
Correct  for  gamma-ray  self  absorjition  b>'  using  tho  approximate  expression 

O:  (M/2) 

= (fo  1 1 ) 

whoro  if  is  tho  measured  activation  docav  rate  at  tho  time  of  counting, 

■f  tho  corrected  activation,  5 tho  macroscopic  gamma-i-ay  ty'tal  cross 
o t , 

section  (cm“/g),  and  M tho  thickness  (g/cin“)  of  tho  foil  .and  encapsulation 
m.itorial.  equation  (1)  is  accurate  to  a,!  percent  in  for  f 1.2. 

The  number  .\  ot  atoms  made  radioactive  by  tho  neutron  irradiation  is  then 
given  by; 
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I t fo, Kt  ion  I (fission  y i o 1 J ) 


ulu-ro  \ I - t lu'  .itisoluto  i;amiii,i  - iM>-  il  i s i nt  cj;i-at  i on  rate,  t(i)  tlio  neutron 
I r raJ  1 at  I i>n  time,  t (is ) the  v\ait  time  between  tlie  enil  of  the  irradiation 
interval  and  the  l>ej;innin,u  of  the  eoimtinjt  interval,  and  t(cl  is  the  dura- 
tion ot'  the  eountiny  interval. 

(i.J  lor  the  l.sl'.v-ke\'  line  ot'  * *^'l.a  (1^  = lO.d.i  hours),  which  is  jiro- 

1 1(1  ^ 
duced  by  the  l.a  decays  (T,  = Id.S  days),  f.q.  .S  becomes 
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(3) 


where  N„ , A,  , and  (fission  vield)  are  the  number  of  fissions  iiroduced, 

''  MO  ' MO 

the  decav  constant  for  ha,  and  the  fission  _vield  tor  ha  (see  lable  1 

• MO 

respect  i ve  1 >■ , Nj  is  the  emission  rate  tor  the  159.s-ke\  ha  i;amma  rays, 

A|  the  deca>  constant  for  ^ "\a , and  O.Ofi  is  the  (>/ react  i on ) ot  'ha. 

(1..1  for  wait  times  of  10  da\s  or  more,  hi|.  .A  reduces  to: 


(O.SbO) 


A|^  (fission  yield)  * O.oo 


. (-1) 


with  "vl  percent  error  at  10  davs. 

().  I The  value  of  N (h,(is.  2,  5,  or  1)  is  corrected  for  any  signifi- 
cant neutron  se 1 f- sh i e Id i ng  or  flux  depression  during  irradiation,  and 
K = ( d i s i ntegr.at  ions  per  target  atom)  is  computed  from  the  measured 

target  mass  .and  isotopic  abundance  for  the  reaction  (Table  M. 

7.  I’l'ecision 

i’.  1 The  jirecision  is  limited  by  the  counting  statistics,  by  the 
reproducibility  of  the  NhS  calibration  source  .and  of  the  location  of  the 
foils  .and  the  st.andard  source  with  respect  to  the  detector,  and  bv  the 


1)7 
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rojiroduc  i h i li  t>'  of  tlio  poak-aroa-ana  lys  i s routine  used  for  tlie  f o i 1 - 
count  iny  and  backitround  measurement. 

“.J  i\  calibration  of  one  NlbS  11-line  source  mix  (S>S-,  1JJ-,  K):'!-, 
all-,  StkS-,  1I7.^-,  l.S.S.i-,  and  lS.S(>-keV  lines)  against 

anothei;  resulted  in  a standard  deviation  of  1 iH'rcent  for  the  reproduci- 
bilit>'  of  the  calibration  points.  The  source  location  (including  soui'ce- 
size  correction)  leads  to  a precision  uncertaint}’  of  v-.i  [lercent  (if  a good 
alignment  scheme  is  employed  for  both  distance  and  lateral  alignment); 
because  of  tlie  nearness  of  the  foils  to  the  detector,  the  weaker  toils  must 
be  counted  next  to  the  face  of  the  detector  cryostat.  I’eak-area  anal\sis 
and  background  subtraction  are  somewhat  insejnirable.  If  d jiercent  or 
better  counting  statistics  can  be  achieved,  the  associated  precision  is 
J percent  for  non-fission  foils  and  d to  .S  percent  for  fission  foils, 
depending  on  the  line  chosen,  the  irradiation  fliience,  and  the  magnitude 
of  the  b;ickground. 

i'..'  .An  overall  ['reels  ion  of  :■>  to  o j'ei'cent  is  suggesteil  as  the  best 

.achievable  [i)-ecision,  combining  all  the  above  factors.  If  the  1(>. 8-hour 

h7  . . ’A'  '8" 

Zr  line  of  74,8  ke\'  (1)  is  used  tor  analysis  ol  ~lh  and  ' Np  tission, 

the  ei'ror  ma>-  be  much  greater,  unless  sha]ie  fitting  is  utilized  and 

measurements  are  made  at  different  times  to  subtract  out  the  effect  of 
hO 

the  '‘Mo  gamma-ray  line  (('7  hour),  wliich  has  nearl>'  the  same  g.amma-ra>' 
energy  (740  keV). 

8.  .Accuracy 

8.1  The  accuracy  of  counting  and  data  analysis  reflects  direct !>'  on 
the  [irecision  (see  Sec.  7),  and  the  accuracy  of  the  nuclear  data.  At  this 
time,  it  is  felt  that  the  uncertainty  in  the  branching  ratios  of  the 
gamma-ray  decay  schemes,  including  the  conversion  electron  coefficient, 
is  8 [lercent  for  most  cases,  and  may  lie  as  large  as  10  [lercent  for  some 
individual  cases.  I'he  fission  >’ields  are  |irohabl>'  known  to  .8  [lercent . 

I he  half-lives  are  known  to  1 [lercent  for  most  cases,  and  will  not  be 
im[iortant  exce[it  for  waiting  times  of  more  than  2 to  .8  half-lives.  An 
overall  accuracy  of  'vlo  [lercent  is  suggested  as  the  value  [irobal'l)' 
achievable  for  measuring  s[iecific  .activations,  after  some  e.x[ierience  has 
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Standard  Mc-tliod  for 

tdlARACri.RIZlNt;  NldllRON  SI'fCTRA  IN  TliRMS  Of  1-MoV  f;gU  1\ Al.l.N  T 
M.iif:.\t:i:  fOR  radiation  damaoi:  in  sii.ico.n 


1 . ScojU' 

1.1  rh  i mt'thod  descriho.'A  a r'.tatulard  ]iroci'dui’o  for  oharactori  zini;  a 

tioutron  field  uitli  .'^iiectriim  ;(!:)  in  tc'rm.s  of  the  T , tlie  flia-ncc  of 

oq 

neutron.-^  near  1 MoV  required  to  produce  the  ,-^anie  radiation  damage  in  some 
material  .\  where  tlie  radiation  damage  function  known. 

1.2  This  metliod  describes  a standard  procedure  for  character  i z i ng 

the  shape  of  a neutron  spectrum  {>(1  ) i"  terms  of  the  hardness  parameter, 

; ''i>.  It  is  defined  as  the  fluence  of  neutrons  near  1 .MeV  reiiuired  to 

eq 

produce  the  s.ime  radiation  damage  as  one  unit  of  fluence  of  neutrons  of 
specti'al  d i St  I'ibut  iiin  f(l'). 

1 . .S  Although  these  standard  procedures  ai-e  .-qiplicahle  to  character- 
izing the  S|iectrum  in  terms  of  radiation  damage  to  an>’  material  .\  where 
D^(f)  is  known,  tlie  prescriptions  outlined  here  address  themselves  speci- 
fically to  radiation  damage  in  silicon;  the  damage  function  for  silicon, 
D^j(l.),  is  r.apidl)’  var>ing  ncai'  I Me\'.  This  method  consequently  prescribes 

alternative  definitions  for  T (silicon). 

eq 

l.t  rhis  method  is  part  of  a set  of  standards  dealing  with  neutron 
S[iect  romet  r>  , atul  is  intended  to  serve  as  ;i  means  of  characterizing  d i f- 
feri'iit  neut  ron  spectra,  Tlfl,  used  in  radiation  damage  studies  and  jiarts 
testing  of  electronic  comiHment  s . A standard  method  of  deducing  (HT) 
b>'  unfolding  neutron  t hresho 1 d - fo i 1 activation  data  is  covered  in  ASTM 
Method  i:  XNl,  "Standard  Method  for  Unfolding  Neutron  Spectra."  The 
procedures  for  selecting,  irradiating  and  counting  the  foils,  the  tabula- 
tion of  some  of  the  recpiired  nuclear  constants,  and  the  method  of  calculating 
s[iecific  activations  of  the  toils  are  presented  in  .AST.'^I  .'letliotls  I:  \\2, 
"Irradiating  a Standard  Set  of  Neutron  Threshold  .\ctivation  Toils,"  and 

T XX.S,  ".Pleasuring  Toil  Act  i vat  i ons . " Once  T and  <}i  /if  have  been  measured 

eq  eq 


lO.S 


I 


and  caK'ulatod,  it  is  impoi't  ah'"  for  the  user  of  a neut  I'on  i I’ratliat  ion 

faeilitv  to  he  able  to  measure  ; I'or  suhseinient  irradiations.  This  is 

eq 

covered  in  ASIM  Met  iiod  fi  \\S,  "Meastiriiij;  the  Kel.ilive  1-Me\  Silicon- 
Iquivalent  lluence  uith  last -Neut ron  Monitors." 

1.  Significance 

J.l  In  neutron  radiation  damage  studies,  where  the  damage  is  neutron 

energy  dependent,  it  is  convenient  to  jia  ramet  er  i ze  a neutron  I'ieUl  in 

terms  of  a single  numlier  called  the  1-Me\’  eiiuivalent  I’.uence,  : * , 

° ' eq  e(| 

which  tpiantifies  it  hy  a single  numlier  and  a slaiKiat\l  deiv.it  i('ii  of  that 

number.  In  addition,  it  is  useful  to  assign  a laid  i at  i on- damage  qualits' 

to  a gi\en  spectral  distribution,  a ]Kirameter  referred  to  here  as  thi.' 

hardness  parameter.  This  hardness  iiarameter  is  simple  .t  /;,  or  tlie 
' ei| 

number  of  1-Me\'  neutrons  that  pi'oduce  the  same  radiation  damag  > as  a unit 
fluence  of  neutrons  liaving  the  spectral  distribution  f(l  1. 

,S.  Summar>’  of  Method 

.■^.l  ihe  parameter  : is  defined  as 

eq 


[ 'Mb  I Dlhldh 

0.01  MeV 

I)(l  MeVV 


where  ;(!;)  is  the  spectral  distribution  of  the  neutrons  and  0(f)  tlie 
radiation  damage  per  unit  fluence.  0(1  MeV)  is  taken  as  tlie  average 
0(0.R.S-1.15  MeV)  because  l>(f,)  is  rapidly  varying  near  1 Me\'.  The  integral 
does  not  include  neutrons  below  0.01  .'■leV  because  e\’en  for  a s(it't  TRIOA 
spectrum,  less  than  1 percent  of  the  damage  in  bulk  silicon  is  cont r i liut ed 
by  neutrons  below  this  energy.  The  0.01-MeV  cutoff  greatly  simplifies 
the  computation  of  the  hardness  parameter,  ; _ / t : 


T /T  = 
"eq 


TdM  0(f.)df 


0.01  MeV 


Oil  MeV)  I t(f.)dH 

7 0.01  MeV 


The  "neutron  count",  yivcn  hy  the  integral  in  tlie  i-lenomi  nator  of  liq.  2, 
includes  only  about  half  of  the  eiHcadmium  neutron  flux  for  a TUKIA-type 


reactor,  and  inclusion  of  the  entire  epicadiiii  lun  flux  would  make  ; /f  very 

eq  ^ 

dependent  on  neutrons  below  0.01  Me\',  where  almost  no  daiiuige  occurs.  If 

the  integral  extended  down  very  low  enei'gies,  to  include  thermal  neutrons, 

the  situation  would  he  mucli  woi'se.  The  accurate  assessment  of  the  value 

of  /4>  would  then  require  an  accurate  measui'e  of  neutrons  in  the  thermal 
eq 

region  — an  unnecessary  complication  and  a gi'eat  source  of  meaningless 

\ariation  of  ^ /i,  since  a small  amount  of  therma 1 - neut ron  shielding  would 

eq 

change  the  pai'ameter  dixist  ica  1 !>•  without  changing  J(H)  above  0.01  .'leV, 
where  .ilmost  all  the  damage  occurs  1 


1.  t!a  leu  1 at  i ons 

1.1  The  output  of  the  .S.A.NO  M unfolding  code  is  given  as  a ()20-point 
spectrum,  from  10  '''  to  KS  Me\',  or  2(>0  points  in  the  region  of  O.t'l  to  IS 
MeV.  .A  recent  calculation  of  the  silicon  di  siilacement  KHRMA,  l)(lil,  h;is 
been  carried  out  with  the  latest  neutron  cross  sections  for  silicon  (1,21, 
and  is  given  at  200  energy  points  covering  roughl\'  the  same  neutron-energy 
interval.  In  folding  and  IMb),  a simple  numerical  integration  is 

carried  out  as  follows. 


18  .MeV 


Jo.o\ 


f(h)  Odildl. 


020 


i = .S(il 


<(.(i;.j  niidiAf.. 


(ol 


where  i = .Sbl  cor res]ionds  to  I..  = 0.01  Me\'  of  the  SA.\0  II  output,  and  the 
0(1. I are  the  values  given  in  Table  1 for  the  same  energy  mesh  as  the 
.SA.\0  11  output  above  0.01  ,'-le\'.  They  represent  values  obtained  from  the 
original  t.ible  (1,21  b>’  interpolation  and  some  grouji  averaging,  where 


necessa  rv . 


1.2  The  value  given  b\-  T.q. 
.MeV  = 81  Me\  •mb  I to  iirovide  T 

ei| 

siiiqily  carrying  the  summation 


.8  is  d i V i tl  ed 
as  per  1:(|.  1 


by  0(  1 Mel  ) 0(0.88-  1 . 1 .8 

di  / T i calculated  b\' 

cq 


lO.S 


I 


IS  MoV 

j>.  A r..  ( 1 ) 

1 1 

0.01  Mo\ 

t ,)  obtain 

/ 'j)l'  )di; 

J'.Ol  Mo\' 

in  tho  denominator  of  la|.  J.  I'he  error  ot'  tlic  siiii]ile  summation  is  less 
than  1 percent  for  tho  (iJO-jHiint  spectrum  that  \anishes  at  the  upper  limit 
of  integration  (IS  MeV) . 

.S.  Problems 

.^.1  0(li)  is  stroni;!.'  var>  in;.;  near  1 Me\  . Its  value,  as  jti\en  in 

Kef.  1,  is  lOd  MeV*mh  at  1 Me\',  vvhile  the  average  value  from  ('.S.s  1 1) 

1 . I .'i  Me\'  is  St  MeV-mh.  Although  this  difference  does  not  impact  inter- 

iahoratory  com|iarisons  of  s i 1 i con-i.lamat;e  effects  if  a staiulard  value  ot' 

Oil  MeV)  is  made,  it  leads  to  an  unrea  1 i st  i ca  1 1 small  value  for  f /i<\ 

eii 

a fluence  of  O.S;>  neutrons  of  1 Me\  becomes  equivalent  to  a unit  fluence 
of  ClOOl  VA-type  neutrons  (.SO  cm  t'rom  reactor).  The  CiOOUA  -SO-cm  s[iectrum 
is  the  harvlest  of  ttiree  spectr.i  measured  in  .an  evaluation  |irogram  (2) 
su[iporting  these  draft  spec  i f i cat  ions.  If,  however,  0 ((>,S.S  to  I . I .a  Me\' ) 
is  used  in  bq . 2 instead  of  (Ml  MeV),  the  l-MeV  equivalent  fluence  per 
unit  fluence  now  becomes  l.OO;  a much  more  intuitivel>'  meaningful  figure 
for  neutrons  whose  average  energ)’  is  greater  than  l.O  Me\ , weighted  with 
;i  d.image  function  0^.(l.)  that  increases  with  f. 

().  Kecommended  Oefinition 

(1.  I Use  0(0. S.S  to  l.l.S  MeV)  = S)  Me\ -mb  as  0(1  Me\' 1 in  li(s.  1 and  2. 

(1.2  Use  T.ible  1 for  0(1!.),  where  the  li.  mesh  agrees  with  that  of 

1 1 


S\N0  II. 


=1 


i 

1 

I 


I’roi.-  i s i on 


“.1  The  ostimatod  iirocision  In 
present  mctliod  is  a|'proe  i ali  1 y liotter 
IM I arc  exact,  and  tliat  the  SAXli  11 
in;;  t lie  t'luence  above  0.01  Me\  (lai. 


caleulatine  T and  T / <t>  ''Itli  t he 
e>|  eq 

than  1 percent,  assumiii};  .)■  ( T.  I and 
(iJO-point  s|iectrnni  i .s  used  in  oht.ain- 
d)  ( dbO  points  abo'.e  0.01  Me\' ) . 


,S . Accurac}' 

S.l  riie  accurac.v  oT  the  numerical  intejtration  is  estimated  to  he 
better  tli.in  1 percent.  Tlie  accuracy  of  0(1:)  can  be  usefully  discussed 
in  three  parts. 


. J .s/i,  I pi'  of  D(E) 

S.d.l  In  the  calculation  of  T and  ; /T,  aiilv  the  shape  of  the 

eq  eq 

0(1  I curie  is  important,  as  I'elated  to  i nt  er  1 ahora  t o r\'  comji.irisons  of 

these  qu.intities,  because  iqh)  a]ipears  in  both  the  numerator  and  denomin- 

,itor  of  Iqs.  1 and  J.  1 he  shape  of  0(f)  is  probably  knoun  well  eiunpyh 

to  contribute  no  more  tlian  v.T  to  .X  percent  to  the  relative  vtilues  ol 

,ind  ; /•:  obtained  for  different  spectra  ;(i:). 

eq 

8 . The  Absolute  Value  of  n(E) 

,s..T.l  Ihe  l.itest  0(f)  d.ita  (l,d)  were  obtained  ..itli  the  most  recent 

evaluated  c ross- sect  ion  .et  for  silicon,  which  provides  tlie  total  enerity 

deposited  in  si  to  an  accuraci'  that  would,  in  itself,  imjiact  and 

*.  /'  In  no  more  th;in  a few  iiercent  (s;ii'  2 to  percent)  because  ot  its 
’■’O'  ■ . . . 

effect  on  tlie  shape  of  0(1,1.  However,  tlie  calculation  ot  the  partition  ot 

this  eiieri;)'  between  ionization  and  d i s]il  acement  is  much  less  well  known. 
Ihe  iiartition  was  calculated  with  the  l.indharil  theori'  (.X,)),  which  has  not 
been  modified  to  )ijtiee  with  experimental  results  (S).  Consequent  1 , the 

I'll.)  values  ma>’  chaiqqe  by  the  order  of  10  pei'cent  when  appropriate  adjust- 
ments are  m.ide  to  obtain  j;ood  ai;reement  with  past  and  future  measurt  ment  s . 


5.1  n(l  MeV) 

5.1.1  The  value  of  T and  T / will  \’ar\'  about  20  percent,  depend- 

eq  eq 

itij;  u]ion  the  interval  over  wliicli  0(1  Me\  * Af  I is  averayed.  lliere  is  a 
i;reat  deal  c'f  a rli  i t ra  i' i ness  in  tlie  absolute  value  of  ■‘"'■I  ^eq^'*’  ' " ' ^ 

respect,  in  tli.at  the  definition  does  not  influence  i nt  ercompar  i sons  of 
these  (|u.intifies  for  most  I'eactor-t  ijie  spectra  used  in  lauliation  damajte 


lo” 


I 


r 


stiklios.  Tht'  interval  (I.SS  to  I.IS  Mo\  was  chosen  as 
between  a ver>’  wide  ener>;>-  interval,  over  which  ‘Idh) 
s i an  i t' j cant  1 V larjtc'  variations,  aiul  a ilelta  tunction 
intuit  ivelN'  low  value  for  i)  /if  because  of  the  rai'idl 
fore  unrepresentative)  value  of  IHli)  at  or  ver>  near 
Sec . S ) . 
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I us 


a compi'OMii  se 
m.a\’  encounter 
that  results  in  an 
y var>'inp  (and  tliere- 
1 Me\  (see  Discussion, 


I 


Ivcferenccs 


Roi;crs,  . C.,  Harris,  Jr.,  1,.  Stcinman,  H.  K.  , and  Br>'an,  H.  I.. 

"Silicon  Ionization  and  0 i sp  1 accment  KI'.IIMA  for  Neutrons  from  Thermal 
to  do  Me\',”  1I:T1:  Trans.  Niicl.  Sci.  NS-dd,  No.  h,  d.Sdf  (1!)'’.S),  lirratum, 
itiid.  NS-d.S,  No.  1,  S~.S  (lOdOI. 

\'crbinski,  \'.  V.,  I.urie,  N.  A.,  and  Rogers,  \'.  f.,  "Threshold-l-oi  1 
Measurements  of  Reactor  Spectra  for  Ratliation  I)amat;e  A[)pl  i cat  i ons  , " 
submitted  foi’  publication  in  Nuclear  Science  and  Engineering. 

Radi  at  ion  bffects  in  Semiconductors,  edited  in'  f.  1..  \'ook , Plenum 
Press,  New  York,  lOP.S  {Proceedings  of  the  Santa  Fe  Conference  on 
Radiation  Effects  in  Semiconductors , October  .S-S,  19(>''). 

Lindltard,  .1.,  Nielsen,  \ . , Scharff,  M.  , and  Tbom]isen,  P.  \'.  , 

Kgl  . Danske  Vindenskab,  Nat.  Fys.  Medd . .S.S,  .No.  10  (19(1.S). 

van  Lint,  \'.  A.  J.,  Mission  Rcsearcli  Corporation  (]'>ri\ate  comraun  i cat  ion)  . 


I 00 


t 


TAHl.i:  1 mi)  in  MtA  Mill*  (I.  in  MoV) 


1 

0 

1 

1) 

1. 

0 

1. 

II 

1 . UOU-J 

1 . 034 

0.  (.00-2 

3 . 3 3 (> 

0.20-  1 

0(>.  1 

3.20+0 

103.3 

1 . 030- 

1 . 08(. 

1 .000-1 

3.208 

0 .(>0-  1 

104 . 8 

3. 30+0 

188.1 

1 . 100-J 

1.112 

1.030-1 

3 . 2(iO 

1 .00+0 

"2.3 

3.40+0 

182.3 

1 . 130-2 

1 . 1 14 

1 . 100-  1 

3.  182 

1 . 10+0 

(>2 . (. 

3 . 30+0 

1"(..4 

1 . 200-2 

1 . 1 (.4 

1 . 130-  1 

4 . 803 

1 . 20+0 

44.0 

3. OO+O 

170. (. 

1.2'3-2 

1 . 208 

1.200-1 

4 . 3(.7 

1 . 30+0 

(>0 . 0 

3.70+0 

173.3 

1 . 330-2 

1.232 

1 .2"3-  1 

3.784 

1 . lO+O 

02.  (> 

3.80+0 

181.0 

1 .123-2 

1 . 28" 

1 . 330-  1 

3.202 

1 . 50+0 

08." 

3.00+0 

188.() 

1 . 300-2 

1 .322 

1.423-1 

2.011 

1 .(.()+ 0 

101. 0 

0.00+0 

10().  3 

1 .uOO-2 

1 . 377 

1 . 500- 1 

2.011 

1 .70+0 

120.3 

0.  10  + 0 

1 80 . 2 

1 . "00^  2 

1 . 120 

1 .(>00-  1 

" . 5 (1 0 

1 .80+0 

0('.(> 

0. 20+0 

1"7.() 

1 . ,S00-2 

1 . ro 

l."()0-l 

1(>.  30 

1 .00+0 

1(>8.8 

0. 30+0 

1 (.(.  . 3 

1 .000-2 

1 . 3 (.3 

1 . 800-  1 

()(i.  03 

2.00+0 

1"7.0 

0.40+0 

133.7 

2.000-2 

1 . 3"2 

1.00-1 

101.  0 

2. 10+0 

1 84 . 8 

0. 30+0 

14".  3 

2. 100-2 

1 .(>30 

2.00-1 

1 03 . 7 

2. 20+0 

14  2.0 

0. 00+0 

131.4 

2. 200-2 

1 . (.88 

2.10-1 

01.1 

2.30+0 

133.0 

0. 70+0 

133." 

2. 300-2 

1 ."4" 

2.20-  1 

81.3 

2.4 0+0 

1 5 4 . .3 

0. 80+0 

1 (>  1 . 0 

2.  100-2 

1 . 803 

2.30-  1 

"1.3 

2.50+0 

157.2 

0. 00+0 

1 (.3 . 3 

2..>3('-2 

1.01  3 

2.40-1 

(.  4 . () 

2.  (.0+0 

142.0 

7.00+0 

ro.o 

2. "00-2 

1 . '-'(.S 

2.53-  1 

30.4 

2. "0+0 

137.2 

". 10+0 

1"3.0 

2..SOO-2 

2.038 

2.70-1 

53.  (. 

2.80+0 

107.0 

7.20  + 0 

1"".3 

3.000-2 

2.  140 

2.80-  1 

34 . 4 

2.00+0 

183.4 

7 . 30+0 

1"0.3 

3. 200-2 

2.212 

3.00-1 

33.0 

3.00+0 

142.0 

".40+0 

181 . 1 

3.  100-2 

2.387 

3.20-  1 

32.  1 

3. 10+0 

127.5 

7.30+0 

183.4 

3.  ()00-2 

2.513 

3.40-1 

31.3 

3.20+0 

123.4 

7 .00+0 

183. 1 

3.800-2 

2.  (.78 

3.(>0-  1 

31.2 

3.30+0 

118.8 

".70+0 

181.4 

■1. 0(10-2 

2.887 

3.80- 1 

32.  1 

3.40+0 

122.3 

" . 80+0 

180.2 

1.230-2 

3.037 

4 . 00-  1 

32.7 

3.30+0 

1 24 . 0 

7.00+0 

1"8." 

1.300-2 

3 . 348 

4.25-1 

S 3 . (■> 

3.  {>0+0 

123.4 

8.00  + 0 

1"".3 

l."S0-2 

3 .381 

4.30-  1 

34 . 7 

3.70+0 

122.0 

8.  10  + 0 

1"(>.  1 

3.00(1-2 

3 . 030 

4.73-1 

53.  (. 

3.80+0 

121.7 

8.20+0 

1"5.0 

5. 230-2 

4.221 

3.00-1 

30.7 

3.00+0 

121.7 

8.30+0 

174." 

3.300-2 

4.312 

5.25-1 

80.  1 

4.00+0 

123.  1 

8.40+0 

1"4 .4 

3.730-2 

3.004 

3.30-  1 

147.0 

4 . 10+0 

1 24 . 3 

8.30+0 

1"3.8 

(>.  000-2 

3. 70() 

5. "3-1 

113. 3 

4 . 20+0 

120.8 

8.00+0 

1 “ 3 . 2 

(..300-2 

(>.404 

(>.()0-  1 

(.1.1 

4.30+0 

148.3 

8.70+0 

1"2.0 

(..(.00-2 

().  08(> 

(..30-  1 

35.0 

1 . 10+0 

1 (.8 . 8 

8.80+0 

1"3. 2 

(■>.000-2 

7.248 

().  (iO-  1 

3 (>.8 

4.30+0 

180.  2 

8. 00+0 

177.3 

".  20('-2 

I’.  132 

(>.00-  1 

30.4 

4 . ()0+0 

183.4 

0.00+0 

1 8 1 . (. 

7.  (.00-2 

(>.783 

7.20-  1 

(.4  . () 

4.70+0 

188.0 

0.  10+0 

18(i.(> 

8.000-2 

().  4()2 

7.(.0-  1 

78.  (. 

4 . 80+0 

1 02 . " 

0. 20+0 

100.4 

8.  100-2 

(..  1"1 

8 . 00- 1 

02.  () 

4.00+0 

103.0 

0.30+0 

103.0 

8.800-2 

3.822 

8.40- 1 

0(>.  0 

3.00+0 

1 04 . 3 

0.40+0 

108.2 

0. 200-2 

3.3(,0 

8.80- 1 

82.7 

3. 10+0 

103.0 

0 . 30+0 

200.3 

((!ont  i mioil ) 


1 

r 


I 


f 

i 

E 


\ 


TAHI.I!  1 (Continued) 


1: 

1) 

1-. 

1) 

d.  oo+o 

1 99 . 4 

1.41+1 

214.8 

9.  “0+0 

198.8 

1.42+  1 

214.8 

9.  SO+0 

198.0 

1.45+1 

214. 8 

9. 90+0 

1 97 . 1 

1 .44+1 

214. 8 

1.00+1 

190.5 

1.45+1 

215.1 

1.01+1 

195.0 

1 . 10+  1 

215.1 

l.OJ+1 

195.0 

1 .4“+l 

215.1 

1 .0.^+1 

195.5 

1.48+1 

2 1 5 . 4 

1.04+1 

195.0 

1.49+1 

215.7 

1 .O.S+1 

190.  2 

1 . 50+  1 

2 1 (>  . 5 

1 .(Hi+1 

190.5 

1.51+1 

210.  () 

1.07+1 

190.8 

1.52+1 

2 1 " . 2 

l.OS+1 

19“.  1 

1.55+1 

217.5 

1 . 09+  1 

197.4 

1.54+1 

2 1 8 . t) 

1.10+1 

1 98 . 0 

1.55+1 

218.0 

1.11+1 

199.  1 

1 . 50+  1 

218. 9 

1 . lJ  + 1 

200. 0 

1 . 5“+ 1 

2 1 9 . 5 

1 . 1.4+1 

202. 0 

1 . 58+  1 

2 1 9 . 8 

1 . 1 i+1 

205.5 

1.59+1 

220.  1 

1.15+1 

204 .9 

1.00+  1 

220.  (i 

1 . K-+1 

200.  1 

1 . Ol  + l 

220." 

1 . 1“+1 

20“.  8 

1 .(>2+1 

220.  “ 

1 . lH+1 

209.0 

1 . l>5+  1 

220.“ 

1.19+1 

210.5 

1 .04+1 

220.  “ 

1 . JO+l 

210.8 

1 . (.5  + 1 

220.9 

1 . dl +1 

211.0 

1 . (>o+  1 

220.9 

!.::+! 

21  1 .(> 

1 .o“  + l 

220.9 

1 . J5+1 

2 1 1 . 9 

1 .(>8+  1 

220.9 

1 . J 1+  1 

209. 0 

1.09+1 

221.2 

1. J5+1 

2 1 2 . 5 

1 . “0+  1 

221.2 

1 . 20+1 

2 1 2 . 8 

1 .“1  + 1 

221.2 

1 . 2“+l 

215.1 

1 .“2+1 

221.2 

1 .28+1 

215.  I 

l.“5+l 

222.  1 

1 .29+1 

215.“ 

1 .“4+1 

> •>  ■)  - 

1 . .50+  1 

215.“ 

1 .“5  + 1 

225.5 

1.51+1 

2 15.“ 

l.“o+l 

225.9 

1 . 52+  1 

211.0 

!.““+! 

224. 4 

1 . 55+1 

214.0 

1 .“8+1 

22  1." 

1.51+1 

21  1.2 

1 .“9+1 

225.5 

1 . 55+  1 

2 1 1 . 2 

1 .80+  1 

220.2 

1 . 5(1+  1 

214.5 

1.57+1 

21  1.5 

1 .58+1 

21  1.8 

1.59+1 

211.8 

1 . 10+  1 

214.8 

I I I 


I 


Dos i gnat  ion:  H XXS 


Standard  Method  for 

MhAsuRiNC.  rut;  ri;lativi;  i-mcv  sii.ic:on  i (^iiivai.i \i 

I'l.lll.NCi;  WITH  lASl'-NliUTROX  MONITORS 


1 . SeojH' 

1.1  Til  i s inethoil  ileserilies  tlie  mea-^u  remen  t ot'  ,*  /Monitor,  the  l-MiA 

eq 

equivalent  neutron  fluenee  per  unit  monitor  eount  , for  a neiit  ron  field 
v\here  the  speetruin  |li;i  has  been  iiieasureil  aiul  the  l-'!e\  ei|uiv:ilent  fluenee 
for  silicon  radiation  damage  h;is  been  calculated. 

l.J  This  method  is  jiart  of,  and  follm\S  as  .i  coroll.iry  to,  t he 
four  AS  I'M  methods  that  are  addressed  to  measuring  the  neutron  spect  nim 

ill),  and  1%  i t h it,  c.ilculating  ; . These  are  as  tXillous. 

■ 

I XXI  Unfolding  Neutron  S|'ectra 

I XXd  Irradiating  a St;indai\l  Set  ot'  Neutron  Ihreshold 

Act  i v.'it  ion  l-o  i 1 s 

1 XX.S  Measuring  foil  Activities 

1 XXI  CTia  iMc  1 1 r i z i ng  Neutron  Spectra  in  I'eniis  ot'  1 -Me\ 

Iquiv.iletit  II  lienee  for  Rail  i at  ion  Hamage  in  Silicon 


S i gn i f i cance 

_’.I  Hus  method  is  user  oi'iented,  in  that  it  is  addressed  to  measur- 


inr  ; Monitor  for  neutron  irradiations  subsequent  to  the  one  in  vihich 
eq 


) lias  measured.  It  iirovides  ,*  /'lonitor  for  a varieti’  of  oi'tioiis, 
' eq  ' 


depending  on  'a)  the  .iccess  to  the  results  ot'  the  S\NP  II  code  used  to 
deduce  : ( I ) from  the  threshold  data,  .iiul  lb)  the  a va  i 1 ab  i 1 1 1 >'  of  t lu- 
.ipp.iratus  and  facilities  required  t'or  calibrating  \arious  tvjies  ot"  monitor 
f o i 1 s . 


7i . Apparatus 

.'i.l  Nickel  or  iron  foils  and  gamma-ray  detector  as  in  .ASTM  Method 
I XX.'u 

.l.J  Sulfur  foils,  bet.i  counter,  aluminum  t'o  i I , Heil.i)  or  intrinsic 
germatiium  detector,  NBS  gamma-ray  sources  ( ca  1 i bi-.i  t i on  standards),  atid 
access  to  lI-MeV  neutron  generator. 


1.  nctorniiniiu:  4)  nor  Unit  Monitor  Count 
' oil 

l.l  fly  McasurvirK'nt 

t.1.1  IHirini;  tlio  course  of  moasuriiu;  ohtnin  4*  . n monitor 

foil  may  ho  placed  in  the  samo  neutron  field  as  the  set  of  tlii'eshold 
actuation  foils  (I’osition  A),  or  in  some  more  convenient  location  (Posi- 
tion hi,  thus  ohtainiin;  (t  /Monitor  directli’.  Subsequent  monitor  counts 

‘ eq 

i\  i 1 1 then  predict  the  absolute  flux  in  I’osition  A in  terms  of  ih  if  no 

eq 

shields  or  nearby  moderators  or  scatterers  are  changed.  Thus,  a "retractable’ 
coil  1 \ A- 1 ype  reactor,  calibrated  at,  sa>'  meters  above  tlie  floor,  must  be 
subsequent  1 >■  relocated  in  height  to  within  X/O.  i meter  if  the  monitor  foils 
are  located  at  the  same  distance  from  the  reactor  as  the  irradiation 
samples  ('v3(>  cml,  and  witiiin  a few  centimeters  if  the  monitors  arc  approxi- 
mately a factor  of  two  nearer  (or  farther).  Scatterers  must  not  be  moved 
to  change  the  flux  by  more  than  a few  ]>ercent.  An  up]ier  limit  on  the 
inscattering  effect  of  an\-  materials,  such  as  sample  holders  oi'  nearbi' 
stands,  can  be  estimated  (a)  by  using  a rough  average  of  the  total  cross 
section  in  the  vicinit.v  of  1 MeV  for  reactor  neutrons,  (bj  b,v  assuming 
isotro[iic  scattering,  and  (c)  by  taki/ig  into  ncooiint  the  flux  at  tlie 
scatterer  and  the  solid  angle  subtended  at  the  dctectoi".  for  thick  mate- 
rials such  as  concrete,  a fast  neutron  albeilo  of  10  percent  can  be  used. 

1.1.  J Most  shieliling  materials  in  front  of  either  sample  or  monitor 
must  be  kejit  constant  in  thickness  within  x2  mm  for  less  than  a .3  percent 
change  in  flux  [d  mm  for  polyethylene  and  water  (ll]. 

1 . 1 . ,3  While  d or  .3  grams  of  additional  moderator  alongside  a fast 
neutron  monitor  will  make  little  difference,  a few  tenths  of  a gram  of 

moderator  adjacent  to  the  cadmium-covered  zero-threshold  iletectors  can  be 

’S3  ■’3‘) 

im[H>rtant  (i.e.,  1/v  detectors,  and  ' II  or  ‘ I'u  toils). 

t.l.l  The  monitor  is  general !>■  chosen  with  a threshold  high  enough 

to  make  it  insensitive  to  neutrons  below  il.Ol  Me\  whose  contribution  to 

the  radiation  damage  is  negligiblx’  small.  Sulfur  is  usuall)'  selected 

because  of  the  high  threshold  vtilue  for  the  reaction,  the  eonvenient  half- 

3d 

life  of  the  resultant  P rad ioact i v i t >'  (beta  rays),  and  the  ease  ot 
inirifying  sulfur.  However,  the  *fe  ( n ,)')'’ *Mti  or  N i ( n . p ) ‘’‘'^fo  reactions 


I 


■ iro  I'roffcablo  if  a lio(l.il  or  intrinsic  germanium  dotcctoi'  is  available; 

the  absolute  activations  can  tlien  be  measured  by  sim]il\'  ci-oss  calibi’ating 

against  NBS  standard  gaiimia-ra>-  sources,  providing  the  absolute  value  of 

r 1 1 ) i t‘  a spoct  ra  1 -shape  measurement  is  available. 

1 . J . a Die  : /Monitoi-  mav  be  measured  at  a different  time,  if 

eq 

eithei’  a reliable  secondar>'  monitor  is  used  (such  as  a fission  cliambei' 
in  a steady-state  reactor,  or  a thermometer  in  a fast-burst  irradiation). 

If  not,  one  of  the  threshold  foils  used  in  measuring  can  he  jDaced 

in  Position  \,  vlefineil  above,  for  calibration  during  exiHisures  subseipient 
to  measuring  ;(l.). 

1 . J £Jiy  Culculution 

S’  S’ 

I.J.l  It'  a standaril  monitor  foil  such  as  sulfur  [' ~S  ( n , p I ' "P]  is 

S'" 

not  included  in  the  set  ol  toils  irradiated  to  measure  4>U-),  then  the  S 

■let  nation  can  be  calculated  i t li  the  SAM'  II  code.  The  code  is  rerun 

•td  A ’ 

uith  a trial  value  ot  R ( S ) added,  and  K ( S)  is  adiiisted  until  A 

III  111  ■ o 

(see  Method  I \\1)  becomes  zero.  If  the  -’,S\  j ( j,  _ p)  reaction  had  been 

used  in  determining  ; ( I ),  tlie  '^“S  activation  can  be  estimated  from  the 

resultant  ' t'.o  activity.  the  tuo  re.ictions  have  nearly  the  same  threshold, 

• ind  it  was  found  that  R (''"Si  — ()..A()  R ('’'''\'il  t'or  three  dit'ferent  reactor 

III  m 

S|'ectra  (t'a-^t  biir-'t  reactor  glor>’  hole,  .’'ll  cm  fi'om  the  IBR,  and  TRltlA 
. 1-tube).  Once  R (''“Si  's  calculated,  the  su  1 t'lir- fii  i 1 counter  must  be 

III  . , 

c.ilibrated  in  terms  of  absolute  ' “P  beta-rav  acti\it>’  resulting  t'rom  tlie 
’“Slii.t'l ''"P  reaction.  One  such  technique  utilizes  1 1-MeV  neutrons  to 

irr.idiate  A'  ,uid  S,  the  .ibsolute  ll-Me\  neutron  flux  (and  tlu'ret'ore  the 

A ’ 21 

absolute  ' "P  ,icti\it>l  being  given  b\’  the  A'(n,a)  Na  reaction.  The 

cross  sections  for  both  reactions  .ire  accuratel)  known  at  II  'le\  . Alter- 

. A ’ 

nativel>’,  a known  amount  of  ' “P  (MIS  source)  can  be  mixed  in  with  ,i 

S ^ 

sulfur  (lellet.  Ibis  cross  calibration  ot  ' “S  is,  of  course,  unnecessar) 
i *■  tlie  i ( n ,]')  ■’'''Co  reaction,  tlie  ’’ *Pe  I n , p) *Mn  reaction,  or  some  other 
well-known  reaction  leading  to  a g,imma-ra>’  emitter  is  used  for  monitoring 

' eq  • 


1 M 


I 


r>.  1 reel  Sion 

0.1  1 ho  procision  for  iiioasurinii  }>  /Monitor  is  the  combination  of 

‘ 0(1 

tho  procision  of  iiioasuriiu;  ; and  of  moasurinr  the  monitor  count.  Tho 

I - 

.iccurac\'  ot"  moasurinc  is  treated  in  ASTM  Method  f XX),  and  will  not 

•-'M 

bo  covered  here.  The  precision  of  measurini;  the  ' ' N i ( n , [i) ' ' Co  and 
'^*rein,p)'’*Mn  acti\;itions  is  about  .X  jiercent  if  counting  statistics  and 
calibration  techni((ues  allow.  I he  foil  location,  the  fluence  of  each 
irradiation,  and  the  counting  times  will  determine  the  counting  statistic: 
and  these  factors  are  largel.v  sui\iect  to  the  choice  of  the  user.  Tlie 
precision  for  beta  counting  of  sulfur  foils  is  about  the  same  as  tor  the 
nickel  and  iron  monitor  foils,  if  the  sulfur  foils  are  thick  enough  to 
make  the  count-rate  thickness  independent.  Many  of  the  sulfur  counting 
cons i derat  ions  are  discussed  in  ASTM  Method  T d(i5-“0,  "Measuring  l ast- 
.Neut  roll  flux  b\'  Radioactivation  of  Sulfur." 


0.  Ac cu race 

S H I 

(1.1  If  ' Ni  and  ‘ Te  foils  are  used,  an  accuracy  ot  "c5  percent  can 
be  achieved  on  the  absolute  activation  if  counting  statistics  are  not  a 
cons  i derat  i on  i see  Sec.  .SI.  Tor  sulfur  monitoring,  the  accuracy  is  TiS 
percent  if  the  sulfur  is  exposed  simultaneously  with  the  threshold 
activation  foils.  If  not,  and  the  sulfur  .ictivation  must  be  calibrated 
indirectly,  the  accuracy  is  in  this  case  estimated  to  be  10  percent. 
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.AT  TN:  Code  W.A501.  Navv  Nuc.  I’rynis.  Oil. 

Naval  ITectronics  I.alKiratorv 

ATTN:  Charles  F.  Holland.  .Ir. 

Commander 

Naval  VVeapMis  Center 

.AITN:  Code  533.  Tech.  I.il  rarv 

Commandine  Otficer 

Naval  Weai>nis  .Support  Center 

■\TTN:  Code  7024.  .lames  Ranisev 

ATTN:  Code  70242.  .loseph  A.  Munarni 


Commander 

Foreinn  Technokmy  Division.  .AFSC 

.ATTN:  FTF  I'.  Capt  Rii'liard  C.  llusemann 

Coiiimande  r 

Rome  .Air  Development  Center.  .AF.SC 
ATTN:  RBRB.  .lack  S.  .Smith 

ATTN:  RBRAC.  I.  F.  Krulac 

ATTN:  R.  W.  Thomas 

SAM. SO  DY 

ATTN:  DYS.  .Mai  Farry  A.  Darda 

A FA  I,  DHF 

.ATFN:  IF  IF  .Steenhi  ru 

.SAM. SO  IN 

ATTN:  IND.  I.  .1.  .ludv 

SAM  SO  MN 

ATTN:  MNNH 

.ATTN:  MNNO.  Capt  David  .1.  .StrolK'l 

ATTN:  MNNO 


Dirt'ctor 

Strateuic  Svstems  Project  Olfice 

ATTN:  NSP-27331.  Phil  Spector 

.\TTN:  NSP-230.  David  Child 

ATTN:  NSP-2342.  Richard  F.  Coleman 

ATTN:  SP  270I.  lohn  W.  Pit senlierner 


Naval  .Air  Slation 

.AT  I N:  Charles  D.  Caposell 

DIO’ARTAIFNJ  OF  FBI;  AIR  FORCT 

.AF  .Aero- Propulsion  I akiratorv.  .\FSC 
ATTN:  POF-2.  .loseph  F.  Wise 

.AF  Institute  of  Technolonv.  .\F 

.ATTN:  FNP.  Charles  .1.  Bridnman 


SAM. SO  RS  1 

ATTN:  RSSF.  Ft  Col  Kcmneth  1 . Oilkert  I 

■i 

S.AM.SC4  SK  |i 

■ATTN:  .SKF.  Peter  IF  Stadler 

Commander  in  Chief 
Stratemc  .Air  Command 

ATTN:  NRI-STINFO  l.ikrarv 

.ATTN:  XPFS.  Mai  Brian  O.  .Stephan 

FNFROY  RFSF.ARCH  AND  DFVFFOPMFNT  ADMIN 

Sandia  Falioratories 

ATTN:  Doc.  Con.  for  3141.  Sandia  Rpt.  C'cdl. 
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(Contiiuieci)  ( Com  iiuiofO 


I’nivorsity  of  CaUfornia 
l.awri'iico  I.ivormorc  l.alioratorv 
ATTN;  Tfoh.  lafo.  Dopt.  I. -3 
ATTN:  I.awroiu'C  CUTaiid.  1.-I56 

ATTN:  Hans  Kniyer.  I,-'JG 

ATTN:  .Joseph  F.  Keller.  .Jr.. 

I.os  ..\lamos  Scientific  Fatonilorv 

■ATTN:  tx>c.  Con.  for  -I.  .Arthur  Freed 

OTHFR  CX3VF.RNMFNT  .AGFNCIFS 

Department  of  Commerce 
National  Dureau  of  .Standards 
.ATTN:  .fudson  C.  F'rench 

DFP.ARTMFNT  OF  DFFF'N'SF  CONTRACTORS 

.Aerojet  Fleet ro-.Sy.stems  Co.  Division 
.Ae  ro  i et  - Ge  lie  r a 1 Co  r jyi  r a t ion 

.ATTN:  Thomas  D.  Hanscome 

.Aeronutronic  F'ord  Corporation 
.Aerospace  .A-  Communications  Ops. 

.Aeronutronic  Division 

.ATTN:  Tech.  Info.  .Section 

.ATTN;  Ken  C.  .Attinaer 

.Aeronutronic  F .rd  Corp'ration 
Western  Deielopment  l.alKiratories  Division 
ATTN:  .Samuel  R.  Crawford.  M.S.  531 

.At  r space  Co  n>  'r.ii  ion 

ATTN'  Irviiu  M.  O.irfunkel 
.ATl'N;  I.  Henveniste 
ATTN:  Uiliaii  Reinheinu  r 

ATTN:  S.  1>.  H..,i,r 

.Avco  Rese.in  h N S',  -it-ms  (ir  nip 

ATTN;  Research  I.il>r  irv.  A«30.  Rm  7201 

The  RDM  Corp'raiion 

ATTN:  T.  11.  Neiahliors 

The  Dendix  Corporation 
Commiinicatioii  Division 

.ATTN:  Document  Control 

The  Beiidix  Corporation 
Research  I.alioratories  Division 

A I TN:  MGR  I’rouram.  Dev.  IFniald  I.  Nieliaus 

.•ATTN:  Max  Frank 

The  Dendix  Corporation 
Naviiratioii  and  Control  fii vision 
AT  TN:  Georae  Gartner 

Dell  Felephone  I.ahoralories 
ATTN:  G.  F.  Smith 

The  Doeini;  Companv 

ATTN;  David  I..  Dve.  M.S.  H7-75 
.■AFTN:  .Aerospace  I.ilirarv 

ATTN:  Howard  W.  Wickleiii.  M.S.  17- 1 1 

ATTN:  Roller!  S.  Caldwell.  2R-00 

Roor-.Allen  and  Hamilton.  Inc. 

ATTN;  Ravmond  ,1.  Chrisiier 


California  Institute  of  'rechnoloay 
.let  Propulsion  l.alioratorv 
ATTN;  I.  Drvden 
Ai  rN;  A.  G.  Stanlev 

Charles  .Stark  Draper  I.alioralory.  Inc. 

.ATTN;  Kenneth  Fertia 

Computer  Sciences  Corpiration 
ATTN:  Richard  H.  Dickhaut 

emit  r-Hainmer.  Inc. 

.AT'F.N:  Central  ri  ch.  Files.  .Anne  .Aiitliony 

The  Dikcivood  Corporation 
.■AT  l'N:  1..  AVavne  Davis 

F'-.Svsteins.  liie. 

AT'IN:  I.ilirary  8-50100 

F'ftecis  Techiiolocy.  Inc. 

.ATTN:  Fdward  .lolin  Steele 

Fairchild  Camera  and  Iiisirumeiil  Corp. 

.ATTN:  .Sec.  Dept,  for  2 233.  David  K.  Mvers 

F'airchild  Industries.  Inc. 

.Sherman  Fairchild  Technolotrv  Center 

.ATTN:  MGR  Confiu.  Data  N Standards 

Garrett  Coi'ixiratinn 

ATTN:  Roliert  E.  Weir.  Dept.  93-9 

General  Dynamics  Corp. 

Flecti'oiiics  Division 

ATTN;  D.  W.  Coleman 

General  Fleet  ric  Company 
Space  Division 

.ATTN:  I.arry  I.  Chasen 

.ATTN:  .Fohn  F.  .Andrews 

.ATTN;  .losephC.  Peden.  A F'SC.  Rm  4230.M 

General  Fleet  ric  Company 
Re-F'nirv  K F'nviroiiniental  Svstems  Division 
ATTN:  .John  VV.  Palchef.sk>.  -Jr. 

.ATTN;  Roliert  A'.  Denedict 

General  Fleet  ric  Company 
Ordnance  Systems 

.A  TTN;  .Joseph  .1.  Reidl 

General  F led  ric  Companv 
TIM PO-Ceiiter  for  .Advanced  Studies 
.ATTN:  Rovden  R.  Rutherford 

ATTN;  D.ASI.AC 
ATTN:  M.  Fspiu' 

General  F'leclric  Companv 

ATTN;  eSP  0-7.  I..  H.  Dee 

General  F leet  ric  Conipaiii 
.Aircraft  F nuine  Group 

A TTN;  .John  A.  FTlerhorst.  K-2 

tieoryia  Institute  of  Technoloiry 
Georuia  Tech.  Research  Institute 
ATTN:  R.  Curry 
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( Coni  inut'cH 

Cionoral  Klecinc  Company 

Aerospace  Klecinmics  Svsitoim 

ATl'N:  C'harles  M.  Iieuis<»ji.  I)r'*p  U2‘i 

ATTN:  \\\  Patlerson.  Dnip  2r^ 

General  Tlectra*  Company— TIMPO 

ATTN:  OASIAC  tt>r  William  Alfonu- 

Grumman  Aerospace  Corpiraiion 

ATTN:  Jerry  Ho'^ers.  Dept.  5J3 

GTT  Syhania,  Inc. 

Flecfronies  Svstvnis  Grp.  —Vnstvrn  Division 
ATTN:  Leonard  L.  Dlalsdell 

ATTN:  James  .A.  Waldon 

ATTN:  Charles  A.  Thornhill.  Librarian 

GTK  Syhania.  Inc. 

.ATTN:  H \ V Group,  Mario  A.  Nurobira 

ATTN:  Herbert  A.  niman 

GuUon  Indu.stries.  Inc. 

Kncineered  .Mai^’iieties  Division 

ATTN:  Fniiumaunei ics  Division 

Harris  Corporation 

Harris  Sf'miconductor  Division 

.ATTN:  Wavne  F.  Abare.  M.S.  IG-lll 

.ATTN:  T.  L.  Clark.  M.S.  JOJO 

.ATTN;  Carf  F.  Davis,  M.S.  17-220 

Hazeltine  Cori>iration 

.ATTN:  Tech.  Info.  Center.  M.  Waite 

Hone\'well.  Incorp'i rated 

Government  and  .Aeronautical  I’roducts  Division 
ATTN:  Ronald  H.  Johnson.  A1G22 

Hone\'well.  Incoijjorated 

.Aerospace  Division 

.ATTN:  Harrison  H.  Noble,  M.S.  72a-5A 

.ATTN:  Stacev  H.  (iratf,  M.S.  725-J 

Honenvell.  lncori>) rated 

Radiation  C'enler 

ATTN;  Technical  Library 

Huuhes  .Aircraft  Company 

.ATTN:  .lohn  H.  Siiuiletarv,  M.S.  6-D133 

ATTN:  Hilly  W.  Campliell.  M.S.  G-FllO 

.ATTN:  Kenneth  IL  Walker,  M.S.  1)157 

Hmjhes  Aircraft  Company 

Space  Systems  Division 

.ATTN:  Fdward  C.  Smith.  M.S.  .AG20 

ATTN:  William  W.  Scott.  M.S.  AlOHO 

IHM  Corpiration 

.ATTN:  Frank  Frankovskv 

HT  Research  Institute 

AI'TN:  Irvine  N.  MindtJ 

Inti.  Tel.  & Telegraph  (’ori><'>ration 
ATTN:  Ab'xander  T.  Richardson 


Di  !’AR  1 MI  NT  OF  D1  FF  NSI  CON J IL\CJ ()RS 

' C'lm imu*^' 

IRT  C'ori>u  at  ion 

ATTN:  Ralph  H.  S^ahl 

ATTN:  R.  1..  .Meet/ 

.Al  PN:  Leo  D.  Cotter 

ATTN:  MDC 

ATTN:  \ . V.  Vt'rbinski 

Ja vcor 

.ATTN : Robert  .Sullivan 

.AT  TN:  C'atherine  Turi‘skn 

.Johns  Hopkins  L'nivt'rsit\ 

.Applied  I’livsics  LaUiratorv 

.AT  TN:  Peter  F . Partridite 

Kaman  Sciences  Corpiration 
.ATTN:  Albert  1\  Hnd-es 

.ATTN:  Donald  H.  Hrvee 

Litton  Systems,  iric. 

Guidance  N-  Control  Systems  Division 
ATTN:  .John  I’.  Retzler 

ATTN:  \al  J.  A^^hby.  M..S.  67 

Lockheed  Missiles  \ Space  Co.,  Inc. 

.ATTN:  Henjamin  T.  Kimura.  Dept.  81-14 

ATTN:  Fdwm  .A.  Smith.  Dt‘pi.  85-85 

ATTN:  (i.  H.  Morns.  Dept.  81-01 

ATTN:  L.  Rossi.  Dept.  81-64 

.ATI’N:  Samuel  1.  Taimuiv.  Dept.  85-85 

Lockheed  Missiles  and  Space  Company 
.ATTN:  Tecli.  Into.  Center.  D Coll. 

LT\‘  .Aerospace  C'orp >rat um 

\oui:hi  SystiMiis  Divisitm 

.AT'I'N:  Technical  Data  Center 

LT\'  .Aerospace  Corpo'ation 
.ATT.N:  Tech.  Libi'ary 

M.l.  I'.  Lincoln  Laboratory 

.ATTN:  Leoiia  Loimhlin.  Librarian.  .A-082 

Martin  Marietta  .Aerospace 

.ATTN:  Mona  C.  Griffith,  Library  MP-30 
ATTN:  Jack  M.  Ashford.  MP-537 
ATTN:  William  W.  Mras.  MP-413 

M(T>mnell  I>)u*4las  Corj)oration 
.ATTN;  Tech.  Library 
.ATTN:  Tom  Fnder 

Mission  Research  Corj>)ration 
ATTN;  William  C.  Hart 

Mission  Research  Corjyiration 
A T I N:  \'.  .A.  .1.  Van  Lint 

.National  .Academy  of  Seionces 

AT'rN:  National  Materials  .Adcisorv  Hoard  for 

R.  S.  Shane.  Nat.  Materials  .Adysy, 

I’aiisades  (nst.  for  l^sch.  Seryices,  Ine. 

.ATTN:  Records  Supen  isor 
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DKPAH  FMKN'  l'  OF  m-  Ft  NSl'  CONTHACTORS 
( CoiililuuHO 


No  rt  h p Co  r IX n- at  i on 
Flpctroiuc  Division 

ATTN:  Boycp  T.  Alilport 

ATTN:  \inc('iU  H.  DoMartino 

Nortlirttp  Co I’lx 'ration 

N'orllu'op  Researrli  ami  Ti'chnolot;v  Center 
ATTN:  Orlie  D.  Curtis.  .)r. 

ATTN:  .1.  H.  Srour 

ATTN:  David  N.  Pocock 

Power  Phvsics  Corixiration 
ATTN:  Mitchell  Baker 

1!  & D Associates 

ATTN:  S.  Clay  Rogers 

Ravdlieoti  Company 

■ATTN:  Gajanan  H.  loshi.  Radar  Sys.  Dal). 

Raytheon  Compaiiv 

.ATTN:  Harold  D.  Flescher 

RCA  Corixtration 

Cxtvernmetit  Jl'  Commercial  Systems 
■Astro  Flectrotiics  Division 

.ATTN:  Georye  .1.  Brucker 

RC.A  Corixiralioti 
David  Sarnoff  Research  Center 
.ATTN:  K.  ID  Xaininyer 

.ATTN:  Gerald  B.  Ilerzoy 

RC.A  Corporation 

.ATTN:  F.  Van  Keuren.  1.3-r)-2 

Research  Trianple  Institute 

.ATTN:  Fny.  Div..  Mayrant  Simons.  .Ir. 

Rockwell  International  Corpiration 
.ATTN:  .lames  F.  Bell.  HAH) 

ATTN:  N.  .1.  Rudie.  F.A53 

ATTN:  K.  F.  Hull 

ATTN:  I . Apod.ica.  F.Ah.l 

ATTN:  Geo  rye  C.  Messettyer.  FBCl 

Rockwell  Internatiotial  Corixiratiott 
ATTN:  T.  B.  Yates 

Rockwell  International  Cor|xirat iott 
Fleet  romes  Ope  rat  ions 

AT  l'N:  Dennis  SutlierlatuI 

.ATTN:  .Alan  .A.  Dtinyenfeld 

ATTN:  Mildred  A.  Blair 

Sanders  .Assoctates.  Inc. 

ATTN:  Moe  D.  Aitel.  NCA  1-112,36 

Science  .Applications.  Inc. 

ATTN:  .1.  Roherl  Bevster 

.ATTN:  l.arrv  Scott 

Simulation  Phvsics.  Inc. 

ATTN:  Royer  G.  Tittle 


D FPARTMFNT  OF  PI-  FI  NSF  CONTR.AC  lORS 
I Continued) 


The  Sinyer  Companv 

.ATTN:  Tech.  Info.  Cetiter 

•Sperry  Fliyht  Systems  Division 
Sperry  Rand  Cor|Xiralion 

.A  T TN:  D.  .Andrew  Schow 

Sperrv  Rand  Corixiration 
Cnivac  Division 
Defense  Svstems  Division 

ATTN:  .lames  A.  Inda.  M.S.  41T2S 

Sperry  Rand  Corixiration 
Sperry  Division 
Sperri  Gvroscope  Division 
.Sin  rrv  Systems  ManayemenI  Division 
.ATTN:  diaries  I..  Craiy.  F’. 

.AT  TN:  Paul  Marraffino 

Stanford  Research  Institute 
ATTN:  Philip  .1.  IXilan 

Sundstrand  Corporaiioti 

ATTN:  Curtis  B.  White 

Texas  Instruments.  Inc. 

ATTN:  ITinald  .1.  Manus.  M.S.  72 

ATTN:  ID  D.  Toombs 


TRW  Svstems  Group 

.ATTN:  Robert  M.  Webb.  R1-24U 

.ATTN:  Barrv  Dunbridye 

2cv  ATTN:  R K.  Plebucli.  R1-207H 

ATTN;  II.  II.  HoHow.f.  Rl-20.36 
2cv  .ATTN:  O.  F.  .Adams.  RI-1I44 

ATTN:  Tech.  Info.  Center.  .'<-19,30 

.ATTN:  ,lerr\  1.  DubelD  Rl-1144 


TRW  Svstems  Group 

ATTN:  Farl  W.  .Allen.  S20  141 

ATTN:  F.  B.  Fay.  627  710 


TRW  Systems  Group 

ATTN:  IXitiald  W.  Puysley 


Fiiited  I'echnoloyies  Corporation 
Hamilton  .Standard  Division 

.A'l'TN:  Raymond  G.  Gitruere 

Westinyhotise  Flectric  Corixiration 
Defeti.se  and  Fleclronic  Systems  Center 

.ATT.N:  Henry  P.  Kalapaca.  M.S.  ,3.52.3 

•lack  S.  Kilby 
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